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Report  of 
the  President 


When  Andrew  carnegie  established  the  Carnegie  Institution  of  Washington 
in  1902,  the  desired  objectives  were  that  the  Institution  "shall  in  the  broad- 
est and  most  liberal  manner  encourage  investigation,  research,  and  discovery — 
show  the  application  of  knowledge  to  the  improvement  of  mankind,  provide  such 
buildings,  laboratories,  books,  and  apparatus,  as  may  be  needed;  and  afford 
instruction  of  an  advanced  character  to  students  properly  qualified  to  profit 
thereby."  Among  the  aims  set  forth  by  Mr.  Carnegie  were  discovery  of  "the  ex- 
ceptional man  in  every  department  of  study"  to  "enable  him  to  make  the  work  for 
which  he  seems  specially  designed  his  life  work,"  and  to  "increase  facilities  for 
higher  education."  The  charter  provides  great  flexibility,  but  Mr.  Carnegie  gave 
further  latitude,  for  he  vested  control  of  the  Institution  and  its  endowment  in  the 
hands  of  a  distinguished  Board  of  Trustees.  The  Board,  in  concert  with  five  Presi- 
dents of  the  Institution,  established  a  set  of  policies  that  fostered  a  remarkably 
creative  organization. 

A  decentralized  pattern  of  operation  was  established  with  laboratories  and 
facilities  generally  located  near  universities  or  other  intellectual  centers.  Individ- 
ual investigators  were  given  great  freedom  and  the  opportunity  to  do  research  of 
their  own  choice.  Very  soon  the  Carnegie  Institution  had  made  a  substantial 
impact  on  American  science.  Previously,  little  research  had  been  carried  on  by 
universities  or  industry.  After  1904,  when  George  Ellery  Hale  established  an 
observatory  on  Mount  Wilson  in  California,  it  soon  became  the  world's  leading- 
center  of  astronomy.  A  few  years  later,  at  the  Geophysical  Laboratory,  in  Wash- 
ington, D.C.,  Arthur  L.  Day  assembled  perhaps  the  first  great  interdisciplinary 
group  of  scientists,  who  had  a  profound  impact  on  earth  sciences. 

Thus  at  an  early  stage  the  Institution  had  established  the  basis  for  a  tradition 
of  excellence,  and  its  reputation  attracted  worthy,  ambitious  young  scholars. 
From  its  earliest  years  the  Institution  engaged  in  predoctoral  and  postdoctoral 
education.  After  World  War  II,  increasing  emphasis  was  placed  on  its  educational 
function.  The  trend  was  intensified  after  1956  under  Dr.  Haskins'  leadership. 

As  scientific  research  and  postdoctoral  training  came  to  receive  extensive  sup- 
port throughout  the  United  States  during  the  1950's  and  1960's,  the  relative  con- 
tribution of  the  Institution  necessarily  decreased,  but  its  tradition  of  excellence 
was  maintained.  Although  the  fields  in  which  the  Institution  could  participate, 
and  the  number  of  scholars  it  could  train,  were  limited,  the  fields  and  the  scholars 
were  chosen  carefully.  Moreover,  the  operating  policies  of  the  Institution,  designed 
to  make  the  best  possible  use  of  limited  funds,  have  been  remarkably  effective  in 
stimulating  creativity  and  fostering  the  intellectual  growth  of  individual  Staff 
Members  and  Fellows. 

The  basic  policies  that  have  contributed  to  the  successful  operation  of  the  Insti- 
tution are  decentralization,  steady  financial  support,  the  availability  of  financial 
reserves  for  quick  exploitation  of  opportunities,  concentration  on  a  limited  num- 
ber of  fields,  austerity,  and  independence  of  the  individual  scholar — with  account- 
ability. 

The  Institution  is  decentralized  with  respect  to  both  authority  and  location. 
The  Trustees  give  broad  latitude  to  the  President;  he  gives  wide  discretionary 
power  to  Directors  of  the  Departments;  and  they  in  turn  allow  latitude  to  Staff 
Members. 

The  physical  decentralization  of  the  Institution  carries  with  it  certain  liabilities 
— overbalanced  by  compensating  assets.   As  research  organizations  go  today,  the 
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Institution  is  modest-sized.  Yet  it  carries  on  scientific  activities  at  six  places  and 
administrative  functions  at  a  seventh.  Without  doubt  an  efficiency  expert  could 
demonstrate  that  money  would  be  saved  if  all  activities  were  concentrated  in  one 
place.  But  the  extent  of  the  economies  and  benefits  of  centralized  operation  can 
easily  be  overemphasized.  There  is  little  overlap,  for  example,  in  the  facilities 
used  for  embryology  and  those  for  astronomy. 

When  scholars  are  engaged  in  intense  creative  activity,  they  wish  to  concen- 
trate on  a  specific,  narrow  objective,  and  they  are  likely  to  have  meaningful 
intellectual  interactions  with  only  a  few  other  individuals.  Extraneous  contacts 
at  a  time  of  deep  concentration  are  a  hindrance  rather  than  a  help.  To  work  most 
effectively  a  scholar  must  be  highly  motivated.  He  must  convince  himself,  at  least 
temporarily,  that  what  he  is  grappling  with  is  of  overwhelming  significance  and 
importance.  He  is  aided  greatly  if  he  is  associated  with  a  group  who  share  his 
views  and  values.  Thus  an  astronomer  can  more  gladly  endure  long,  cold  nights 
if  his  principal  associates  set  high  value  on  his  observations;  a  scholar  functions 
most  effectively  if  he  is  part  of  an  elitist  group.  Elitism  naturally  carries  with  it 
a  measure  of  arrogance  and  intolerance.  When  disparate  elite  groups  are  brought 
together,  bickering  and  friction  are  inevitable.  Tolerance  and  a  reasonable  degree 
of  harmony  can  be  obtained  only  by  a  loss  of  motivation. 

Another  loss  that  accompanies  concentration  of  facilities  is  an  unavoidable 
bureaucratization.  Committees  must  be  appointed;  memorandums  must  be  issued. 
For  many  years  at  the  Geophysical  Laboratory  the  Director  could  say,  "We  issue 
two  official  memorandums  each  year.  One  deals  with  the  schedule  for  submission 
of  annual  report  material.  The  other  sets  forth  the  vacation  schedule." 

A  final  advantage  of  decentralization  is  the  flexibility  it  provides  for  operations. 
The  optimum  mode  of  operations  differs  in  the  various  scientific  fields.  Cor- 
respondingly, procedures  at  the  various  installations  have  distinctive  styles  that 
would  not  be  feasible  if  the  entire  staff  were  established  at  one  site. 

An  important  factor  in  the  quality  of  the  operations  of  the  Institution  has  been 
steady  financial  support.  As  with  any  endowed  institution,  problems  arising  from 
inflation  have  been  almost  continual,  but  there  has  been  no  frenzied  boom  or  bust, 
or  the  kind  of  sudden  changes  in  financial  policy  that  have  characterized  most 
organizations — governmental,  academic,  industrial,  or  private — that  have  been 
active  in  research. 

The  steadiness  in  financial  support  has  permitted  the  Departments  to  make 
long-range  plans  with  confidence  and  to  attack  significant  difficult  problems  re- 
quiring many  years  for  accomplishment.  For  example,  the  redetermination  of  the 
Hubble  constant  discussed  in  the  current  report  took  about  thirteen  years.  Few 
of  our  colleagues  at  most  universities  could  undertake  so  great  a  task:  they  must 
publish  or  perish,  and  their  grant  applications  must  take  into  consideration  the 
latest  fads  in  Washington. 

When  a  new  opportunity  arises,  the  Institution  can  move  with  a  speed  that  few 
organizations  can  match.  The  President  has  at  his  disposal  a  contingency  fund 
which,  if  a  Director  can  make  a  good  case,  he  can  tap  within  hours. 

Just  as  the  Institution  has  a  broad  charter,  each  of  the  Departments  has  a  cor- 
responding, though  somewhat  more  focused,  sphere  of  operations.  The  Institution 
does  not  attempt  to  do  everything ;  neither  do  the  Departments.  At  the  same  time 
there  is  not  an  overconcentration,  which,  in  scientific  research,  is  a  self-defeating 
policy. 

Most  Institution  Staff  Members  are  highly  creative  and  have  many  ideas  they 
would  like  to  explore.    Given  unlimited  support,  they  could  direct  the  work  of 
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many  assistants  and  spend  large  sums  for  new  equipment.  The  Staff  Member 
faces  hard  choices:  he  must  select  the  best  of  many  good  ideas,  Usually  he  works 
closely  with  a  predoctoral  or  postdoctoral  Fellow.  He  has  a  limited  amount  of 
technical  help  and  must  invest  heavily  of  his  own  time  if  research  is  to  be  accom- 
plished. A  reasonable  degree  of  austerity  is  a  great  stimulant  to  hard-headed 
thinking.  Our  staff  is  accustomed  to  austerity,  and  they  value  the  discipline  that 
austerity  brings. 

Although  to  attain  maximum  creativity  scientists  need  freedom  to  pursue  their 
ideas,  freedom  without  discipline  is  corrupting.  In  the  Carnegie  Institution,  Staff 
and  Fellows  enjoy  unusual  freedom — accompanied  by  the  requirement  of  making 
an  annual  accounting.  Scientists  generally  are  accustomed  to  report  to  their  peers 
through  publication  in  the  scientific  literature  and  through  lectures.  Their  indi- 
vidual performance,  however,  is  quite  uneven.  Some  scientists  are  very  scrupulous ; 
others  publish  very  little,  or  may  even  content  themselves  with  placing  their 
names  on  someone  else's  work.  The  Staff  and  Fellows  of  the  Institution  publish 
in  the  standard  scientific  literature  but  also  render  an  accounting  in  the  annual 
report.  The  necessity  to  meet  a  yearly  deadline  has  a  salutary  effect  in  stimulating 
the  scholar  to  round  out  work  that  might  otherwise  languish  uncompleted. 

The  Institution's  annual  reports,  monographs,  and  contributions  to  the  standard 
scientific  literature  constitute  enduring  values  that  are  a  part  of  the  heritage  of 
all  mankind.  Much  of  the  information  is  now  found  in  standard  textbooks  and 
other  publications  in  scientific  fields.  Although  applied  goals  have  not  been 
sought,  some  of  the  fundamental  contributions  of  the  Institution  have  led  to 
important  practical  applications  that  have  been  mentioned  in  earlier  annual 
reports. 

One  contribution  of  the  Institution  that  has  not  been  fully  emphasized  is  its 
role  in  the  intellectual  cultivation  of  both  Fellows  and  Staff  Members.  The  policy 
has  been  to  create  distinction,  not  to  borrow  it.  Since  the  record  is  remarkably 
good,  it  is  reasonable  to  cite  an  example  taken  from  some  years  back.  It  may  be 
considered  a  fair  measure  because  sufficient  time  has  elapsed  to  see  it  in 
perspective. 

I  joined  the  Department  of  Terrestrial  Magnetism  of  the  Institution  in  the 
autumn  of  1939.  The  Director  at  that  time  was  John  A.  Fleming.  Among  the 
small  group  of  young  men  there,  were  several  who  have  since  achieved  distinction. 
They  included  Lloyd  Berkner,  Scott  Forbush,  Lawrence  Hafstad,  Norman 
Ramsey,  Richard  Roberts,  Merle  Tuve,  James  Van  Allen,  and  Ernest  Vestine.  All 
these  men  were  subsequently  elected  to  the  National  Academy  of  Sciences  or  the 
National  Academy  of  Engineering.  Lloyd  Berkner  had  many  distinguished 
careers.  At  the  time  of  his  death,  he  was  treasurer  of  the  National  Academy  and 
President  of  the  Graduate  Research  Center  of  the  Southwest.  Scott  Forbush  dis- 
covered the  emission  of  cosmic  rays  by  the  sun.  Lawrence  Hafstad  was  for  many 
years  Vice  President  and  Director  of  Research  Laboratories  of  General  Motors 
Corporation.  Norman  Ramsey  is  one  of  the  world's  leading  physicists  and  is 
Higgins  Professor  of  Physics  at  Harvard.  Richard  Roberts  has  had  a  remarkably 
creative  career  in  biophysics.  Merle  Tuve  has  been  one  of  the  most  dynamic 
scientists  of  his  time.  James  Van  Allen  has  been  immortalized  by  the  term  Van 
Allen  belt.  Ernest  Vestine  was  one  of  the  nation's  leading  theoretical  geophysicists. 

During  the  past  fifteen  years  hundreds  of  predoctoral  and  postdoctoral  Fellows 
have  received  training  at  the  Institution's  facilities.  These  alumni  are  recognized 
as  outstandingly  successful.  They  are  among  the  leaders  of  their  professions; 
many  are  full  professors  and  heads  of  departments  and  institutes.    In  the  vital 
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area  of  postdoctoral  training  the  Institution  has  demonstrated  that  small,  decen- 
tralized facilities  can  be  remarkably  effective.  The  successful  record  of  the  Insti- 
tution might  usefully  be  examined  by  others.  Today  there  is  need  for  improve- 
ment of  this  nation's  mechanisms  for  conducting  fundamental  research  and  for 
training  predoctoral  and  postdoctoral  students.  Two  compelling  reasons  point  to 
this  need:  the  decline  of  American  universities,  and  the  rise  of  antiscience  attitudes. 

At  one  time  our  best  universities  were  true  centers  of  excellence  in  scholarly 
work  and  training.  The  past  decade  has  witnessed  widespread  degradation  in 
their  quality.  There  are  now  signs  of  recovery  from  the  depths,  but  the  experience 
of  the  past  few  years  should  indicate  the  desirability  of  fostering  alternatives  to 
the  conventional  university. 

In  this  country  the  universities  long  enjoyed  an  exalted  image.  After  World 
War  II  the  public's  concept  of  the  possible  roles  of  universities  expanded  greatly. 
Particularly  in  the  1960's  the  public  came  to  hold  an  unrealistic  view  of  what 
universities  could  do.  Entry  through  the  portals  of  a  university  was  guaranteed 
to  convert  a  lazy  dullard  into  a  highly  paid  executive.  Universities  could  be 
expected  to  solve  all  the  problems  of  society. 

Flattered  by  public  adulation,  many  faculty  members  came  to  share  the  public's 
unrealistic  view  of  the  roles  they  and  their  universities  might  play.  Solving 
society's  problems  seemed  a  noble  purpose,  to  which  the  universities  should  be 
diverted.  To  varying  degrees,  universities  became  politicized,  action-oriented,  and 
much  concerned  with  relevance.  The  quiet,  long-term  scholarship  that  seeks 
eternal  values  was  abandoned  by  many  and  given  halfhearted  loyalty  by  others. 

An  unhealthy  situation  was  intensified  by  the  Viet  Nam  war  and  selective 
service  policies.  Attendance  in  college  and  graduate  school  was  a  way  of  avoiding 
the  draft.  Inevitably,  enrollments  expanded  rapidly  and  the  universities  harbored 
many  malcontents  who  not  only  had  little  interest  in  scholarship  but  seemed  bent 
on  preventing  others  from  engaging  in  it.  More  damaging  for  the  long  run  was 
the  disproportionately  large  increase  in  administrative  structure  and  decrease  in 
operating  effectiveness  that  accompanied  the  expansion  of  the  universities. 

In  one  way  or  another,  private  universities  have  overextended  themselves  and 
are  suffering  unsustainable  deficits.  Costs  of  building  and  operating  new  facilities 
at  public  universities  have  so  increased  that  in  many  states  taxpayers  have 
rebelled.  As  it  is  not  politically  expedient  to  curtail  admission  of  unqualified 
students,  economies  must  be  sought  elsewhere.  In  some  states  support  for  research 
has  been  cut  drastically,  at  the  very  time  when  Federal  support  in  constant 
dollars  has  diminished. 

The  worst  of  the  campus  disorders  seem  past.  Universities  will  solve  their 
financial  problems.  Some  science  departments  of  private  universities  have  reduced 
the  entering  classes  of  graduate  students  to  half  their  former  number.  The  major 
uncertainty  is  whether  the  universities  can  reestablish  an  environment  in  which 
scholarship  is  paramount  and  management  is  effective. 

A  development  that  threatens  to  undermine  this  nation's  vigor  has  been  the 
sudden  growth  of  antiscience  views.  Notable  segments  of  the  population  have 
embraced  mysticism  and  superstition.  Astrology  flourishes.  Scientists  cannot 
expect  to  live  in  a  world  in  which  they  are  universally  loved  and  admired.  But 
the  change  in  climate  from  that  of  a  decade  ago  has  been  drastic. 

The  great  expansion  of  support  for  education  and  research  that  occurred  during 
the  1950's  and  1960's  was  in  part  attributable  to  fear  of  the  Russians.  It  was  also 
due  to  a  recognition  of  the  central  role  that  science  and  technology  will  play  in 
the  future.   As  has  happened  repeatedly  in  human  affairs,  the  pendulum  once  in 
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motion  swung  far.  A  public  opinion  poll  conducted  in  the  early  1960's  to  determine 
the  stature  of  various  professions  ranked  scientists  ahead  of  Congressmen  and 
Governors  of  states.  During  the  1950's  the  seamy  side  of  technology  was  rarely 
if  ever  exposed.  But  during  the  last  several  years  science  and  technology  have 
been  subjected  to  continual  attack.  Some  comments  have  been  judicious,  but 
many  have  been  ill-considered.  Those  who  long  for  the  simple  life  of  the  good 
old  days  seem  oblivious  to  what  those  days  were  really  like.  We  have  no  alterna- 
tive but  to  accord  science  and  technology  a  central  role  in  our  lives.  That  is  not 
to  say  that  our  present  pattern  of  life  is  optimal  for  the  long  pull.  Many  adjust- 
ments and  changes  will  doubtless  be  made  as  science  and  technology  are  harnessed 
more  effectively  to  societal  purposes. 

The  prospect  is  that  we  will  need  more  science  and  technology — not  less — and 
that  those  trained  in  science  will  have  a  major  role  both  in  exploring  nature  and 
in  helping  to  define  how  best  to  deal  with  future  problems.  The  nation  must 
prepare  for  that  need  now,  and  foster  institutions  that  will  respond  to  the  peculiar 
challenges  of  frontier  research  in  science.  I  should  like  to  describe  the  Institution's 
current  view  of  some  of  the  frontiers. 


The  Hale  Observatories 

Perhaps  nowhere  is  the  challenge  clearer  than  in  astronomy.  In  that  field  are 
many  unanswered  questions,  and  the  development  of  new  facilities  and  more 
sensitive  detecting  devices  guarantees  fruitful  activity.  There  is  reason  for 
optimism  that  definitive  information  about  the  age,  history,  and  measure  of  the 
universe  may  lie  within  reach  of  the  present  generation. 

To  capture  this  opportunity  will  require  a  continuing  major  commitment  of  re- 
search talent  in  many  interrelated  problems:  optical  identification  of  radio  sources, 
leading  to  the  discovery  of,  and  redshift  measurement  on,  remote  cluster  galaxies; 
continued  improvement  and  extension  of  the  extragalactic  distance  scale  by  all 
possible  methods;  continued  progress  in  the  study  of  evolutionary  effects  on  the 
observed  properties  of  distant  galaxies;  and  incisive  investigation  of  the  scale  and 
effects  of  irregularities  and  anisotropics  in  the  actual,  lumpy  universe. 

Access  to  the  brightest  globular  clusters  (which  lie  in  the  general  direction  of 
the  galactic  center),  the  Magellanic  Clouds,  and  external  galaxies  visible  from 
the  Southern  Hemisphere,  together  with  prolonged  observation  using  well-situated 
and  well-equipped  big  telescopes,  may  be  the  key  to  an  effective  attack  on  many 
of  these  problems.  The  Irenee  du  Pont  Telescope  at  Las  Campanas,  Chile,  will 
greatly  facilitate  these  efforts. 

With  the  multichannel  spectrophotometer  of  the  200-inch  telescope  it  is  now 
possible  to  determine  galaxian  redshifts  by  measuring  the  shift  of  the  energy 
distribution  curve.  The  method  should  be  particularly  useful  for  fainter  clusters, 
for  which  spectroscopic  redshift  measurements  are  at  present  difficult  or  impos- 
sible. The  multichannel  spectrophotometer  is  well  adapted  also  to  the  study  of 
the  physical-nature  of  supernovae.  It  is  conceivable  that,  if  their  physical  nature 
can  be  understood  adequately,  the  absolute  luminosities  of  supernovae  can  be 
determined  astrophysically,  thus  providing  an  independent,  fundamental  calibra- 
tion of  the  extragalactic  distance  scale. 

The  popularly  known  achievements  of  astronomy  in  this  century  and  of  the 
Hale  Observatories  are  largely  those  involving  the  acquisition  of  knowledge  about 
the  nature  of  galaxies,  measurement  of  their  distances  and  velocities,  investigation 
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of  their  physical  properties,  and,  more  recently,  the  discovery  of  new  phenomena: 
radio  galaxies,  quasars,  gigantic  explosions  in  galaxies,  and  activity  in  the  nuclei 
of  galaxies  (including  the  center  of  our  own  galaxy).  These  developments  have 
changed  the  face  of  astronomy — even  our  conception  of  the  universe — and  many 
of  them  have  opened  the  door  to  an  effective  approach  to  the  cosmological  prob- 
lem. Yet  today  very  little  is  known  about  the  central  question  in  this  field:  How 
do  galaxies  form  and  maintain  themselves?  There  is  reason  to  believe  that  this 
subject  may  be  ready  for  concerted  attack  in  the  coming  decade. 

The  basis  for  optimism  is  that  with  the  development  of  infrared  detectors, 
image  tubes,  the  200-inch  multichannel  spectrometer,  and  especially  the  digital 
image  recorder,  it  is — or  will  be — possible  for  the  first  time  to  obtain  really  large 
quantities  of  hard  data  on  the  detailed  intrinsic  properties  of  observed  galaxies: 
internal  velocities,  spectra  in  a  two-dimensional  mapping  over  the  disks  of 
galaxies,  multicolor  surface  photometry,  consistent  measurements  of  the  angular 
sizes  of  galaxies,  and  investigation  of  the  outer  reaches  of  galaxies  to  a  significantly 
fainter  magnitude  limit  than  is  possible  with  older  observing  techniques. 

The  central  problem  in  the  field  of  stellar  evolution  is  to  describe,  explain,  and 
understand  the  formation  of  stars — how  they  sustain  themselves,  change  in  struc- 
ture, gain  or  lose  mass  and  angular  momentum,  interact  with  their  surroundings, 
develop  magnetic  fields  or  chromospheres,  give  birth  to  planetary  systems,  create 
heavy  elements,  blow  up  or  cool  down,  and  perhaps  ultimately  disappear.  Impor- 
tant aspects  of  this  problem  can  be  regarded  now  as  having  been  solved  to  some 
degree.  Yet  vast  areas  of  more  or  less  complete  ignorance  remain,  particularly, 
perhaps,  but  not  exclusively,  at  the  end  points  of  stellar  evolution.  Many  recent 
discoveries  were  almost  wholly  unexpected  a  few  years  ago:  pulsars,  X-ray 
sources,  circularly  polarized  white  dwarfs,  chromospheric  pulsations  in  main- 
sequence  stars,  OH  and  H20  masering,  the  existence  of  complex  interstellar  mole- 
cules, the  possible  role  of  neutrinos  and  gravitational  radiation  in  stellar  evolution. 
These  phenomena  remain  to  be  understood  and  fitted  into  the  main  evolutionary 
picture. 

Similarly,  although  much  has  been  learned  about  the  descriptive  aspects  of  the 
magnetic  fields  of  certain  classes  of  stars,  and  of  the  sun,  the  entire  question  of 
the  role  of  stellar  magnetism  in  an  overall  evolutionary  scheme  remains  open  for 
innovation. 


The  Geophysical  Laboratory 

The  scientific  investigations  of  the  Geophysical  Laboratory  Staff  focus  on 
several  general  areas  of  geological  importance,  including  participation  in  signifi- 
cant portions  of  large-scale  national  and  international  projects  and  exploratory 
endeavors  of  promising  potential. 

The  general  areas  of  current  research  are  primarily  experimental  petrology, 
mineralogy  and  crystallography,  organic  geochemistry,  and  geochemistry  of 
radioactive  and  stable  isotopes.  The  potential  of  Staff  Members  can  be  maximized 
in  a  number  of  vital  areas  by  concerted  interaction  on  a  broad  scale.  For  example, 
the  combination  of  the  high-pressure  and  high-temperature  techniques  of  the 
experimental  petrologists  with  the  capabilities  of  the  radioactive-  and  stable- 
isotope  geochemists  should  result  in  a  major  experimental  effort  in  the  determina- 
tion of  major-element  partitioning,  trace-element  and  stable-isotope  distributions, 
diffusion  coefficients,  and  gas  transfer  kinetics.    Combining  the  talents  of  Staff 
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Members  involved  in  spectral  studies  (microwave,  optical,  infrared,  ultraviolet, 
and  X-ray)  should  yield  a  greater  understanding  of  the  bond  energetics  in 
crystals.  Further  cooperation  with  petrologists  versed  in  thermodynamics  may 
disclose  the  long-sought  relationships  between  the  thermochemical  properties  of 
crystals  and  their  structural  properties.  Interaction  of  the  organic  geochemists 
with  clay  mineralogists,  sedimentary  petrologists,  and  microbiologists,  as  well  as 
the  stable-isotope  geochemists,  may  yield  understanding  of  processes  involving 
organic  materials  in  the  course  of  their  transport,  sedimentation,  and  diagenesis. 

Current  opportunities  now  being  exploited  by  the  Staff  of  the  Geophysical 
Laboratory  are  closely  related  to  the  national  projects  that  provided  the  lunar 
samples  and  deep-sea  drill  cores,  and  the  international  upper  mantle  project. 
Future  major  opportunities  are  evident  in  the  projected  United  States  mineral 
resources  program,  deep-sea  dredge  hauls  of  the  mid-Atlantic  ridge,  the  geothermal 
drilling  program  of  the  Imperial  Valley,  California,  and  the  international  geo- 
dynamics  project.  Each  of  these  projects  involves  some  interaction  with  large 
external  groups;  nevertheless,  significant  contributions  can  be  made  by  the  indi- 
vidual scientist  on  a  voluntary  basis.  Of  these,  the  United  States  mineral  resources 
program  is  particularly  exciting  because  it  is  relevant  to  the  national  interest 
and  involves  fundamental  science,  the  problems  of  element  concentration.  The 
deep-sea  dredge  hauls  provide  an  unusual  opportunity  to  study  the  petrology  of 
a  major  source  of  new  ocean-floor  material,  interactions  of  lava  with  sea  water 
and  its  subsequent  metamorphism,  dating  techniques  for  relatively  young  rocks, 
and  correlation  of  magnetic  properties  with  mineralogy. 

The  geothermal  resources  project  represents  the  first  effort  to  delineate  a 
magmatic  heat  source — of  vital  concern  to  Staff  Members  interested  in  volcanology 
— and  to  provide  a  regional  study  of  geothermal  waters,  the  propellant  in  explosive 
volcanism,  which  constitutes  a  potential  major  catastrophe  for  the  people  and 
environment  of  the  United  States.  Participation  in  the  geodynamics  project  would 
include  studies  of  fundamental  rheological  parameters  such  as  coefficient  of 
viscosity,  thermal  expansivity,  shear  elastic  constants,  and  thermal  diffusivity — 
all  pertinent  to  an  understanding  of  the  motions  involved  in  the  new  concepts  of 
plate  tectonics. 

Overshadowing  those  externally  stimulated  cooperative  efforts  are  the  explora- 
tory endeavors  of  the  highly  motivated  and  creative  Staff  Member.  The  trail- 
blazing  experiment  is  indeed  the  hallmark  of  the  Geophysical  Laboratory.  Dis- 
covery will  no  doubt  remain  the  principal  goal  in  such  an  environment  of 
conceptual  and  technical  stimulation. 


The  Department  of  Terrestrial  Magnetism 

The  program  of  the  Department  of  Terrestrial  Magnetism  has  been  the  least 
focused  of  those  within  the  Institution.  The  overall  departmental  objective  in 
teaching  and  research  has  been  to  carry  on  broadly  based  significant  research 
in  which  physics  is  the  key  discipline.  The  extreme  flexibility  and  breadth  of  this 
objective  seem  not  to  have  been  a  handicap,  for  DTM  has  been  one  of  the  liveliest 
and  most  creative  of  the  Institution's  Departments. 

Study  of  nuclear  forces  through  the  use  of  polarized  beams  from  a  Van  de  Graaff 
generator  is  going  well,  with  many  opportunities  yet  unexploited.  The  same 
accelerator,  with  a  newly  developed  ion  source,  is  being  used  in  a  unique  way  to 
produce  data  of  astrophysical  and  cosmological  import. 
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Members  of  the  Staff  have  made  significant  contributions  to 'the  development 
of  image  tubes  and  data  acquisition  systems  for  optical  astronomy.  Such  develop- 
ments promise  continuing  revolutionary  improvements  in  the  quantitative  measure- 
ment of  faint  sources  of  light  and  concomitant  increased  opportunities  in  astro- 
nomical research. 

In  some  respects  the  Department's  activities  in  geophysics  are  closely  related 
to  those  of  the  Geophysical  Laboratory;  in  others  the  program  is  more  physical 
in  nature.  The  idea  of  sea-floor  spreading,  plate  tectonics,  and  new  facts  about 
the  properties  of  the  moon  have  been  catalytic  in  bringing  about  a  surge  of  activity 
and  have  yielded  promising  new  vistas  for  the  future.  At  the  DTM,  studies  of 
the  evolution  of  the  earth  have  been  global  in  character,  although  heavy  emphasis 
is  placed  upon  certain  geographic  areas  such  as  western  South  America  or  upon 
particular  geological  domains.  In  order  to  move  toward  the  goal  of  understanding 
the  structure  and  dynamics  of  our  planet  it  has  been  necessary  to  devise  unique 
and  powerful  instruments  and  to  enlist  the  cooperation  of  scientists  of  many 
nations. 

By  means  of  high-precision  mass  spectrometers  newly  developed  at  the  Depart- 
ment it  has  been  shown  that  little  or  no  overlap  exists  between  submarine  ridge 
basalts  and  oceanic  island  or  island  arc  basalts.  Thus,  island  arc  basalts  are 
derived  from  a  type  of  mantle  different  from  that  which  gives  rise  to  the  submarine 
ridge  basalts.  Yet  some  of  the  islands,  Iceland,  for  example,  are  situated  on  the 
ridge,  whereas  others  are  close  by.  Therefore,  an  unknown  mechanism  must  exist 
by  which  the  mantle  material  destined  for  the  ridges  passes  under  or  around  the 
mantle  sources  for  the  islands  without  homogenization  of  the  trace  element  dis- 
tribution or  the  isotopic  abundance  of  strontium.  Clearly,  that  mechanism  is 
worth  searching  out,  for  it  bears  on  the  problem  of  mantle  mobility  and  the  sub- 
duction  of  lithospheric  plates  beneath  oceanic  trenches. 

Closely  allied  to  these  findings,  which  have  utilized  the  tools  of  geochemistry 
and  geochronology,  are  studies  of  earthquake  mechanisms  from  deep-focus  earth- 
quakes of  southern  Argentina,  southern  Bolivia,  and  Brazil.  These  studies, 
gathering  information  of  a  different  kind  with  unique  broad  band  seismometers 
of  great  dynamic  range  and  sensitivity,  together  with  the  results  of  a  concerted 
effort  at  unifying  available  geographical,  geological,  geophysical,  and  geochemical 
data,  reveal  a  very  complex  structure  for  the  crust  and  mantle  and  their  continu- 
ing interactions  throughout  geological  history  in  western  South  America.  The 
ray  paths  along  which  seismic  energy  is  readily  transmitted  are  devious  and 
conform  to  no  simple  picture  such,  for  example,  as  has  been  developed  for  the 
Tonga-Fiji  region.  The  parameter  Q,  which  is  indicative  of  the  efficiency  of 
seismic  energy  transmission,  tells  us  of  the  viscosity  and  rigidity  of  the  upper 
kilometers  of  the  mantle.  Determination  of  Q  for  a  number  of  areas  in  South 
America  has  already  yielded  important  results.  For  example,  along  the  west  coast 
of  Peru,  in  the  upper  100  km  Q  for  shear  waves  has  a  value  of  about  600  and 
increases  with  depth  to  the  very  high  value  of  1400  at  350  km,  whence  it  drops 
precipitously  to  about  35  to  160.  It  again  increases  to  460  at  600  km.  The  low-Q 
zone  corresponds  to  the  earthquake-free  region  in  South  America  and  may  possibly 
be  due  to  partial  melting  at  the  350  to  500  km  depth  where  the  plasticity  is  large 
enough  so  that  strain  energy  is  not  stored.  No  earthquakes  occur  at  depths  greater 
than  600  to  700  km.  These  findings  may  be  taken  as  reasonable  assurance  that 
there  is,  in  fact,  a  "lubricant"  area  over  which  the  South  American  continental 
blocks  can  glide  westward  over  the  eastward-moving  oceanic  plates  or  otherwise 
interact  with  them. 
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In  the  past  the  Biophysics  Section  at  the  Department  of  Terrestrial  Magnetism 
has  been  innovative  indeed.  Examples  include  development  and  exploitation  of 
the  method  of  "isotopic  competition/'  studies  of  processes  of  macromolecular 
biosynthesis  and  nucleic  acid  interactions,  the  discovery  of  repeated  sequences 
in  DNA,  and  the  application  of  nucleic  acid  interactions  toward  an  understanding 
of  gene  expression  and  organic  evolution.  It  is  difficult  to  judge  in  what  general 
direction  the  next  innovation  will  lie.  As  a  guess,  one  might  point  to  two  areas. 
One  is  the  significance  for  development  and  evolution  of  the  complex  nucleic  acids 
found  in  the  various  organelles  of  all  eukaryotic  organisms.  Another  challenging 
feature  for  study,  which  is  attracting  fresh  and  imaginative  talents,  is  the  cellular 
interactions  that  may  occur  during  ontogenetic  processes. 

The  Department  of  Embryology 

Under  Dr.  Ebert  the  Department  of  Embryology  has  compiled  a  remarkable 
record  of  innovation.  In  1956  he  assumed  leadership  of  a  Department  that  was 
renowned  for  its  excellence  in  human  embryology,  in  reproductive  physiology, 
and  in  experimental  embryology.  Dr.  Ebert  gradually  broadened  and  changed 
the  objectives  to  make  them  more  responsive  to  new  opportunities  created  by 
molecular  biology.  The  Department  now  can  be  characterized  as  emphasizing  the 
study  of  the  cellular  and  molecular  mechanisms  underlying  development.  The 
effort  has  taken  two  main  directions:  (a)  to  isolate  genes,  to  study  their  arrange- 
ment and  organization  within  the  chromosome  and  the  mechanisms  regulating 
their  action;  and  (b)  to  study  how  cells  impinge  on  and  influence  one  another. 
Both  these  efforts  have  yielded  major  findings  at  the  Department  and 
elsewhere,  but  much  remains  to  be  done  in  these  fundamental  areas  of  research. 
During  the  next  five  years  the  Department  will  be  much  concerned  with  the  regu- 
lation of  gene  action  during  animal  development.  It  will  also  be  heavily  engaged 
in  the  study  of  cell  interaction.  Another  target  for  research  will  be  the  cell  mem- 
brane. The  topic  is  challenging,  for  practically  nothing  is  known  of  the  manner 
in  which  changes  mediated  at  the  cell  surface  impinge  on  the  genetic  apparatus. 
Conversely,  we  know  next  to  nothing  about  how  gene  products  are  integrated  into 
the  membrane. 

Dr.  Ebert  can  visualize  many  other  opportunities  for  significant  studies.  Among 
them  are  the  role  of  the  cell  membrane  in  neurogenesis,  the  development  of  be- 
havior, and  also  plant  morphogenesis,  to  which  he  is  particularly  attracted. 

The  origin  of  form  remains  a  great,  uncharted  area  of  developmental  biology. 
We  are  beginning  to  make  headway  in  simple  systems,  the  assembly  of  cell  par- 
ticulates, and  the  morphogenesis  of  bacteriophage.  We  have  gained  some  insight 
through  cell  disaggregation  and  reaggregation  studies.  Yet  we  have  only  scratched 
the  surface.  But  why  plant  morphogenesis?  Because  the  origin  of  form  in  plants, 
at  least  as  far  as  we  can  now  determine,  involves  fewer  component  processes  than 
the  origin  of  form  in  animals.  Specifically,  the  vast  array  of  cell  movements,  of 
the  reshuffling  of  components,  is  absent  in  plant  morphogenesis.  Moreover,  plant 
form  may  be  controlled  more  effectively  than  animal  form  by  environmental  fac- 
tors, thus  opening  up  a  wider  range  of  experimental  possibilities. 

The  Department  of  Plant  Biology 

A  major  determinant  of  the  quality  of  future  civilization  will  be  the  wisdom 
with  which  man  deals  with  renewable  resources  and  with  the  natural  environ- 
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ment.  Central  to  good  management  in  these  matters  is  first-class  competence  in 
the  plant  sciences.  In  this  country  agricultural  research  has  been  very  effective, 
but  it  has  been  largely  devoted  to  a  limited  set  of  plants  and  to  immediate 
problems. 

Although  the  Staff  of  the  Department  of  Plant  Biology  has  been  relatively 
small,  it  has  had  a  disproportionately  large  influence  on  the  science,  owing  to  the 
fundamental  nature  of  its  work  in  photosynthesis  and  physiological  ecology. 

Plants  differ  strikingly  in  their  response  to  environmental  conditions.  We  have 
only  begun  to  understand  part  of  how  plants  operate  and  adjust.  Some  plants  can 
tolerate  extreme  changes  in  temperature,  light,  moisture,  and  other  environmental 
factors;  others  are  less  versatile.  It  has  become  clear  that  adaptation  to  different 
circumstances  entails  changes  in  the  balance  of  the  plant's  biochemical  processes. 
Some  plants  have  achieved  capacity  to  withstand  rigorous  conditions  through 
utilization  of  special  biochemical  systems:  a  species  of  Atriplex  found  in  Death 
Valley  takes  an  unconventional  pathway  in  carbon  dioxide  fixation.  A  few  other 
examples  of  biochemical  adjustments  have  been  explored,  but  comparatively  little 
is  known.  The  field  of  physiological  ecology  presents  varied  and  most  interesting 
challenges. 

Photosynthesis  is  central  to  the  life  of  all  plants,  and  is  the  primary  source  of 
all  food.  Although  there  are  differences  in  the  detailed  way  in  which  the  process 
occurs  and  the  ways  that  it  is  harnessed  to  other  biochemical  processes,  photo- 
synthesis in  the  various  plants  is  highly  comparable.  Thus,  when  one  learns  some- 
thing about  photosynthesis  in  a  particular  species  grown  in  Palo  Alto,  one's 
knowledge  about  all  plants  the  world  around  is  expanded. 

The  "photo"  part  of  photosynthesis  begins  with  the  absorption  of  light  by  a 
molecule  of  chlorophyll.  It  is  also  possible  for  light  absorbed  by  "antenna"  pig- 
ments such  as  the  red  phycobilins  of  blue-green  and  red  algae  to  be  transferred 
from  molecule  to  molecule  until  the  quantum  is  finally  absorbed  by  a  chlorophyll 
molecule  within  a  special  unit  (called  the  reaction  center),  whereupon  its  energy 
initiates  the  enzymatic  reactions  of  photosynthesis. 

We  need  to  learn  about  the  environment  of  the  absorbing  chlorophyll  molecule. 
Is  it  just  an  isolated  molecule,  a  complex  of  molecules,  a  dimer,  or,  perhaps,  some 
kind  of  solid-state  system?  Important  questions  for  the  future  include  the  detailed 
physical  mechanism  of  energy  migration  in  the  photosynthetic  units  themselves 
and  the  physicochemical  mechanism  of  the  primary  photochemical  steps. 

Another  potential  area  of  photosynthesis  research  is  the  topography  of  the 
photosynthetic  apparatus.  Photosynthesis  takes  place  within  a  membrane.  The 
structure  of  the  membrane  within  the  chloroplast  is  complex;  in  some  ways  it 
resembles  that  of  animal  membranes,  but,  nevertheless,  it  is  unique  in  the  way 
chlorophyll  is  fixed  into  the  lipoprotein  matrix  along  with  other  pigments, 
oxidation-reduction  components,  photosynthetic  enzymes,  and  a  myriad  of  other 
compounds.  Membranes  are  not  symmetrical  but  consist  of  two  superimposed 
layers.  It  has  been  possible  to  split  membranes  in  various  ways  and  obtain  frag- 
ments that  are  enriched  in  one  photosystem  relative  to  the  other.  The  availability 
of  such  fragments  affords  a  unique  opportunity  to  study  much  more  closely  many 
of  the  partial  reactions  of  photosynthesis. 

After  fragmentation  of  the  photosynthetic  apparatus  comes  the  possibility  of 
putting  the  pieces  together  again.  So  far,  only  very  crude  experiments  of  this 
type  have  been  performed.  Many  of  the  biochemical  mechanisms  of  the  photo- 
synthetic process  are  also  found  in  other  metabolic  processes  such  as  respiration. 
The  reactions  of  respiration,  like  those  of  photosynthesis,  are  structured  and 
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localized  on  membranes  where  rapid  redox  and  coupled  phosphorylation  reactions 
take  place. 

Much  of  what  is  learned  in  studies  on  photosynthesis  aids  in  our  understanding 
of  other  biological  processes  such  as  membrane-dependent  reactions,  ion  pumps 
and  osmotic  regulation,  accumulation  of  nutrients,  mechanisms  of  nerve  function, 
and  protein  synthesis. 

In  photosynthetic  organisms  it  is  possible  to  initiate  and  study  oxidation- 
reduction  reactions  more  rapidly  because  the  substrate,  light,  can  be  manipu- 
lated much  more  quickly  and  readily  than  chemical  substrates  that  are  utilized 
in  respiration.  This  fact  permits  the  study  of  reactions  in  photosynthesis  that, 
because  of  their  rapid  relaxation  times,  cannot  be  studied  in  respiration.  An 
understanding  of  the  photosynthetic  process  can,  then,  give  us  a  deeper  insight 
into  other  biological  processes,  which  very  likely  could  not  be  obtained  in  another 
way. 

The  operating  policies  of  the  Institution  lend  it  flexibility  to  meet  changing 
challenges.  With  the  passing  years  research  programs  have  evolved.  The  De- 
partments are  engaged  in  activities  of  long-term  significance  to  mankind.  In  their 
well-chosen  programs,  the  scholars  enjoy  the  advantages  of  leverage  that  accrue 
to  those  working  at  the  frontiers.  As  Directors  and  Staff  look  forward  to  the  next 
decade  they  visualize  many  exciting  challenges. 


The  Year  in  Review 


"Teachers  and  formal  teaching  are  not 
the  whole  of  education  by  any  means." 


Vannevar  Bush, 

Pieces  of  the  Action:  237. 


The  academic  year  1970-1971  marked  the  end  of  a  distinctive  period  in  the 
Carnegie  Institution's  history.  The  sixteen-year  administration  of  Caryl  Parker 
Haskins  ended  on  June  30th.  The  years  of  his  presidency  were  distinguished  ones 
in  the  Institution's  seventy-year  existence.  They  included  the  evolution  of  its 
now  strong  postdoctoral  training  program,  a  notable  strengthening  of  its  geo- 
physical and  embryological  programs,  and  a  record  of  discovery  and  invention  in 
astronomy,  the  geosciences,  and  the  biosciences  previously  unparalleled  in  the 
Institution.  The  Institution  reached  1971  as  an  organization  of  modest  size  but 
high  quality,  and  a  deeply  engrained  scholarly  tradition. 


The  Carnegie  Institution  Family  in  1970-1971 

The  Institution's  activities  in  1970-1971  had  diversity,  depth,  and  breadth. 
Its  own  efforts  were  part  of  a  network  of  research  investigations  of  almost  world- 
wide extent.  The  total  scientific  staff  of  its  six  Departments — the  Hale  Observatories, 
the  Department  of  Terrestrial  Magnetism,  the  Department  of  Embryology,  the 
Geophysical  Laboratory,  the  Department  of  Plant  Biology,  and  the  Genetics  Re- 
search Unit — was  composed  of  eighty-one  persons.  Fifty-nine  postdoctoral  Fel- 
lows also  were  in  residence  during  the  year.  The  educational  program  of  five  of 
the  Departments  took  a  new  turn  in  some  expansion  of  the  numbers  of  predoctoral 
and  other  students  without  an  advanced  degree.  Sixty  such  students  received 
instruction  and  training  at  five  Departments  (the  Genetics  Research  Unit 
excepted).  In  addition,  a  group  of  investigators  whose  normal  affiliations  are  with 
other  institutions  participated  actively  in  the  Institution's  program  as  nonresident 
research  associates,  as  guest  investigators,  or  as  collaborators  in  field  or  laboratory 
programs.   There  were  ninety-six  such  scientists  who  came  from  thirty-five  differ- 
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ent  universities  or  research  organizations  located  in  the  United  States  and  in 
thirteen  foreign  countries.  Thus  the  Carnegie  Institution  "family"  in  1970-1971 
counted  296  scientists,  including  Fellows,  students  in  training,  and  collaborating 
and  cooperating  professional  persons. 

The  Educational  and  Research  Program 

The  program  of  each  of  the  several  Institution  Departments  differs  according 
to  the  demands  of  the  subject  and  the  judgment  of  the  departmental  Director  and 
Staff  Members.  Each  program  is  made  up  of  varying  mixes  of  formal  or  "struc- 
tured" instruction,  informal  training  and  instruction,  Staff  Member-Fellow  col- 
laboration on  research  projects  of  limited  duration,  and  frontier  research  of  Staff 
and  Fellows  requiring  extended  time  commitments.  In  all  departments  the  work 
of  Staff  Members  and  Fellows  is  supplemented  by  the  assistance  of  collaborating 
individuals  and  institutions. 


Frontier  Research  of  Staff  and  Fellows 
Requiring  Extended  Time  Commitments 

The  hallmark  of  Institution  operations  has  always  been  a  relatively  high  per- 
centage of  long-term  projects  and  extended  commitments  by  Staff  Members  to 
frontier  research.  The  atmosphere  of  inspiration,  dedication,  and  resourcefulness 
that  makes  the  Institution  attractive  to  postdoctoral  Fellows  and  graduate  students 
is  rooted  in  the  discovery  and  innovation  produced  by  these  longer-term  projects. 

By  their  nature  results  of  long-term  projects  usually  are  reportable  as  interim 
results  or  observations.  By  their  nature  also,  they  must  be  identified  principally 
with  the  Staff  Members  who  sustain  their  work  over  many  years,  although  Fel- 
lows and  students  productively  and  profitably  participate  in  most  of  them.  Such 
projects  will  be  described  briefly  for  astronomy,  geophysics,  biophysics,  genetics, 
plant  biology,  and  embryology.  Examples  will  include  definitive  results,  significant 
interim  conclusions,  and  less  conclusive  progress  reports. 

Revision  of  the  Hubble  Constant.  One  of  the  infrequent  occasions  when  defini- 
tive results  could  be  reported  on  a  project  that  had  extended  over  many  years  came 
at  the  Hale  Observatories  toward  the  end  of  the  academic  year.  This  was  the 
redetermination  of  the  Hubble  constant  by  Allan  R.  Sandage,  Staff  Member, 
and  Gustav  A.  Tammann,  Research  Associate.  In  the  words  of  the  Hale  Observa- 
tories' report  for  1970-1971,  "The  Hubble  constant  measures  the  rate  at  which  the 
universe  expands.  It  is  the  fundamental  number  that  sets  the  size  of  the  universe 
by  relating  distances  of  remote  galaxies  to  redshift.  It  is  also  related  to  the  age 
of  the  last  creation  event  at  the  time  when  the  universe  emerged  from  its  big-bang 
singularity  and  developed  into  what  we  now  observe."  The  value  given  the  con- 
stant by  Edwin  Hubble  in  1936  for  the  ratio  between  redshift  and  distance  (536 
km  sec-1  Mpc"1)1  gave  an  age  of  creation  for  the  universe  of  1.8  billion  years, 
considerably  smaller  than  the  known  ages  of  the  crustal  rocks  of  the  earth.  This 
difference  created  the  now  famous  time  scale  discrepancy  between  the  principal 
clues  to  the  age  of  the  universe. 

A  long-term  project  to  refine  Hubble's  1936  figure  for  the  expansion  rate  of  the 
universe  was  begun  in  1949,  when  the  200-inch  telescope  went  into  operation. 

1  Mpc  =  Megaparsec  =  3.26  X  106  light  years  =  19.2  X  1018  miles. 
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This  year  Sandage  and  Tammann  finished  a  preliminary  analysis  of  the  final 
steps  and  applied  the  new  calibrations  to  remote  field  galaxies  of  the  classification 
Sc  I.2  They  have  obtained  a  new  value  of  the  Hubble  constant  by  extending  cali- 
bration of  distance  indicators  in  a  series  of  eight  steps  from  nearby  trigonometric 
parallax  stars  to  distant  galaxies.  A  critical  step  in  the  procedure  was  the  calibra- 
tion of  linear  sizes  of  H  II  (ionized  hydrogen)  regions  in  nearby  galaxies  and  the 
application  of  that  calibration  to  remote  galaxies  in  which  H  II  regions  have  also 
been  measured. 

The  new  value  of  the  constant  is  53  ±  5  km  sec-1  Mpc"1,  about  one-tenth  of 
Hubble's  1936  value.  With  no  allowance  for  deceleration  in  the  rate  of  expansion 
of  the  universe,  "Hubble  time"  since  the  universal  creation  event  thus  has  been 
increased  to  18  billion  years.  Preliminary  data  suggest  a  deceleration  rate  for  the 
universe  that  would  yield  an  age  since  the  "big  bang"  of  about  11  to  15  billion 
years.  Sandage  believes  that  this  range  agrees  so  well  with  the  age  of  the  oldest 
stars  thus  far  dated  in  our  Galaxy  that  the  "big  bang"  model  of  the  universe  has 
received  important  new  support. 

The  Plate  Tectonics  Model  of  the  Earth.  Conclusive  evidence  on  cosmological 
dynamics  offers  one  of  the  more  exciting  intellectual  prospects  in  the  world  of 
research.  Another  intellectual  concept,  equally  exciting,  concerns  the  earth  itself. 
This  is  the  concept  of  "plate  tectonics,"  the  most  fertile  general  hypothesis  that 
has  appeared  in  the  earth  sciences  in  many  years.  The  plate  model  of  the  earth's 
crust  postulates  about  eight  continental  and  other  blocks  ("plates")  drifting  slowly 
over  a  plastic  mass  of  rock  materials  lying  within  the  earth's  upper  mantle.  This 
new  concept  of  the  dynamic  earth's  surface  has  arisen  principally  from  recent 
study  of  the  stored  magnetic  declinations  of  rocks  and  analysis  of  deep  sea  drill 
cores.  Study  of  seismic  waves  on  a  local  basis  has  added  vital  information  on 
plate  "boundaries;  laboratory  synthesis  of  rocks  found  deep  below  the  earth's  sur- 
face and  study  of  geochronology  may  be  expected  to  add  much  to  further  clari- 
fication of  the  concept.  All  of  these  lines  of  investigation  have  been  carried  on  at 
the  Institution.  The  last  three  types  of  study  will  be  presented  here  as  illustra- 
tions of  long-term  Carnegie  projects  in  the  earth  sciences. 

For  many  years  the  western  coast  of  South  America  has  been  a  focus  of  interest 
for  the  Geophysics  Section  of  the  Department  of  Terrestrial  Magnetism.  That 
region  has  been  of  particular  interest  to  the  plate  tectonics  concept  because  it 
lies  at  the  boundary  zone  between  one  of  the  great  ocean  plates  and  one  of  the 
great  continental  plates,  between  which  there  are  striking  physical  differences. 
Using  principally  seismic  means  of  observation,  Staff  Members,  postdoctoral 
Fellows,  and  South  American  scientists  trained  at  the  Department  of  Terrestrial 
Magnetism  have  made  a  series  of  observations  over  two  decades  that  now  reveal 
a  crustal  structure  in  western  South  America  compatible  with  the  plate  tectonics 
model. 

On  the  basis  of  these  South  American  observations  D.  E.  James  has  interpreted 
the  evolution  of  the  Andes  Mountains  in  southern  Peru  during  the  past  200  million 
years.  Before  the  late  Triassic  period  the  western  coast  of  South  America  was  a 
relatively  quiet  area  geologically,  witnessing  the  formation  of  the  very  thick 
marine  deposits  now  found  east  of  the  Andes.  According  to  James'  model,  an 
incipient  volcanic  arc  began  to  form  in  the  region  during  late  Triassic  or  early 
Jurassic  times.   Igneous  activity  in  the  region  has  migrated  eastward  since  then, 

2  Sc  galaxies  have  a  "dominance  of  multiple  spiral  arms  and  small  amorphous  nuclear  regions." 
(Allan  Sandage,  The  Hubble  Atlas  of  Galaxies;  Carnegie  Institution  Publication  618,  1961:  17.) 
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Fig.  1.  D.  E.  James'  pliocene-pleistocene  model  of  the  central  Andes  region  in  cross  section. 
M  =  Mohorovicic  discontinuity,  recorded  by  changing  speeds  of  seismic  waves.  M.I.  =  "magic 
isotherm,"  presumed  to  indicate  the  temperatures  at  which  melting  or  water  release  occurs  in 
the  lithosphere.   Arrows  denote  rising  magma. 

as  the  Pacific  plate  was  underthrust  below  the  South  American  continental  block. 
This  culminated  in  much  volcanic  eruption  in  the  pliocene  and  pleistocene  periods. 
The  continental  "plate"  of  South  America  probably  is  from  200  to  300  km  thick, 
as  indicated  by  interpretations  of  seismic  waves.  However,  the  Pacific  plate  being 
underthrust  does  not  appear  to  be  much  more  than  50  km  in  thickness.  In  addi- 
tion, interpretations  have  been  made  of  the  rock  composition,  relative  position, 
and  depth  of  crustal  formations  in  the  Central  Andean  region  (Figure  1). 

The  plate  tectonics  concept  has  also  added  a  new  framework  for  interpretation 
of  the  geology  of  the  Laurentian  Shield  area  in  Canada,  long  a  subject  of  interest 
for  both  the  Department  of  Terrestrial  Magnetism  and  the  Geophysical  Labora- 
tory because  of  the  great  age  of  its  rocks.  Using  plate  theory,  the  known  petrology 
of  the  Shield  region,  and  an  improvement  in  the  method  of  isotopic  dating  that 
uses  uranium-lead  ages  of  zircons,  T.  E.  Krogh  and  G.  L.  Davis  of  the  Geophysical 
Laboratory  have  suggested  that  the  Grenville  Front,  a  geological  discontinuity,  is 
an  ancient  plate  boundary  in  the  Shield  that  existed  for  about  one  billion  years. 
The  zircon  isotopic  dating  method  has  given  a  remarkably  consistent  set  of  ages 
for  the  plutonic  3  and  volcanic  rocks  within  the  Shield.  Although  Krogh  and 
Davis  stress  that  their  recent  conclusions  need  further  testing,  their  results  indi- 
cate what  they  describe  as  a  "fascinating  picture  of  long  belts  of  volcanic  plutonic 
rocks  developing  sequentially,  together  forming  a  new,  extensive  crustal  addition" 
on  the  earth's  surface  between  2570  and  2950  million  years  ago.  The  rocks  of  the 
Shield's  volcanic  belts  appear  to  be  similar  to  present-day  volcanic  island  arcs  in 
existing  critical  plate  boundary  zones  like  those  in  the  Pacific  Ocean. 

S.  R.  Hart,  a  Staff  Member  at  the  Department  of  Terrestrial  Magnetism,  A.  K. 
Sinha,  a  Fellow  at  the  Department  of  Terrestrial  Magnetism,  and  J.  M.  Mattinson, 
a  Fellow  at  the  Geophysical  Laboratory,  continued  a  study  started  in  1969-1970 
of  the  geochemistry  of  basaltic  rocks  related  to  island  arc  interpretations  and 
the  identification  of  the  ancient  volcanic  island  arcs.    Hart  shows  in  this  year's 


3  Igneous  rocks  that  have  cooled  deeply  enough  below  the  earth's  surface  to  show  a  coarsely 
crystalline  texture,  like  granite. 
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report  of  the  Department  of  Terrestrial  Magnetism  that  the  basalts  from  different 
tectonic  environments  have  trace  element  patterns  diagnostic  of  the  tectonic 
setting  in  which  they  are  found.  Hart,  Sinha,  and  Mattinson  broadened  their 
studies  of  trace  elements  in  Archaean  volcanic  rocks  to  include  uranium-thorium- 
lead  relationships.  They  found  that  the  trace  element  concentrations  in  the 
Archaean  volcanics  are  similar  to  the  tholeiites  of  present-day  island  arcs  and 
mid-ocean  spreading  ridges. 

Together,  the  Krogh-Davis  interpretations  and  the  Hart-Sinha-Mattinson 
studies  suggest  that  a  promising  beginning  has  been  made  in  understanding  the 
plate  geometry  and  plate  interactions  of  the  earth's  crust  in  very  ancient  times. 


Long-Range  Projects  of  Biological  Significance 

Many  of  the  Institution's  biological  projects  center  on  the  study  of  DNA  and 
RNA,  their  role  in  the  evolution  of  species,  and  their  place  in  the  development  of 
individual  organisms.  Biological  studies  at  the  Department  of  Terrestrial  Mag- 
netism, the  Genetics  Research  Unit,  and  the  Department  of  Embryology  are 
devoted  mainly  to  these  topics.  The  Department  of  Plant  Biology  adds  study  of 
the  chemistry  and  physics  of  photosynthesis,  and  physiological  ecology. 

Studies  of  Evolution  at  the  Biophysics  Section.  Soon  after  the  invention  at 
the  Department  of  Terrestrial  Magnetism  of  the  Bolton-McCarthy  method  of 
analyzing  the  complementarity  of  strands  of  DNA  or  RNA,  its  Biophysics  Section 
set  out  upon  a  project  of  studying  evolution.  Many  fascinating  insights  into  the 
relations  among  living  organisms  have  followed.  Some  of  the  most  interesting 
work  applied  quantitative  measurement  for  the  first  time  to  related  evolutionary 
histories  in  life.  With  these  techniques  it  also  has  been  possible  to  study  for  the 
first  time  the  physical  evolution  of  systems  of  heredity  in  life. 

Continuing  the  studies  of  mammalian  relations  reported  in  other  years  at  the 
Biophysics  Section,  Nancy  R.  Rice,  a  postdoctoral  Fellow,  found  evidence  sug- 
gesting that  the  rate  of  evolutionary  change  among  rodents  appears  to  be  extremely 
rapid  compared  to  rates  observed  in  several  other  orders  of  mammals.  She 
showed  that  closely  related  as  well  as  more  distantly  related  rodents  exhibit  a  rate 
of  divergence  ten  times  greater  than  that  deduced  for  the  primates.  These  obser- 
vations apply  even  to  interbreeding  species,  such  as  the  Japanese  mouse  (Mus 
musculus  molossinus)  and  Mus  musculus  musculus,  the  common  western  mouse. 
These  newer  data  confirm  a  previously  made  interpretation  of  other  species  that 
the  rate  of  evolutionary  change  in  part  is  related  to  mammalian  generation  time. 

The  precision  now  possible  in  studying  the  evolution  of  regulatory  systems  in 
life  is  illustrated  by  studies  of  the  so-called  "T-even"  bacteriophages  conducted 
by  D.  B.  Cowie,  a  Staff  Member,  and  R.  J.  Avery,  a  postdoctoral  Fellow,  in  the 
Biophysics  Section.  The  T-even  phages  are  designated  T2,  T4,  and  T6.  Cowie's 
and  Avery's  studies  demonstrated  that  T4  and  T6  phages  have  larger  amounts  of 
DNA  than  the  T2  (11  percent  and  9  percent,  respectively).  They  further  show 
that  T4  and  T2  diverge  from  each  other  at  an  earlier  date,  or  more  rapidly,  than 
T2  and  T6.  Interestingly  enough,  although  they  diverged  from  T2  at  different 
times,  a  large  part  of  the  non-T2-like  DNAs  of  T4  and  T6  do  show  homologies. 
Other  parts  of  these  genomes  are  species-specific.  All  of  the  nonreactive  fractions 
among  these  species  were  carefully  analyzed.  From  them  it  was  possible  to  deduce 
the  composition  of  the  genomes  at  the  three  viruses  in  terms  of  the  T2  DNA 
(Figure  2).  An  interesting  discovery  is  that  the  T2  genome,  although  the  smallest 
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Fig.  2.   Venn  diagram  evaluating  DNA  homologies  of  "T-even"  phages  in 
studies  by  D.  B.  Cowie  and  R.  J.  Avery. 

of  the  three,  contains  all  of  the  essential  genetic  information  for  survival.  Thus 
the  added  nucleotides  of  the  T4  and  T6  genomes  appear  to  contain  nonessential 
DNA.  They  are  nonetheless  interesting  as  examples  of  species-specific  clustered 
nucleotide  sequences,  present  as  a  result  of  relatively  few  evolutionary  events 
and  indicative  of  the  genetic  history  of  the  three  viral  species.  They  are  also 
interesting  for  the  precision  with  which  the  relative  molecular  weights  of  the 
three  genomes  can  be  measured. 

Studies  of  the  Evolution  of  Genetic  Material  at  the  Genetics  Research  Unit. 
Much  of  the  work  at  the  Genetics  Research  Unit  at  Cold  Spring  Harbor,  New 
York,  has  focused  on  the  structure  of  the  DNA  of  bacteriophage  lambda.  In  his 
report  this  year  Alfred  D.  Hershey,  Director  of  the  Unit,  summarizes  the  findings 
from  his  Laboratory  and  those  of  other  laboratories  during  the  past  nine  years. 
Hershey  describes  some  members  of  a  group  of  phages  that  may  be  called  the 
"lambda  family."  He  concludes  that  the  comparative  studies  of  the  genetic  mate- 
rial of  the  several  viruses  make  possible  a  definite  interpretation  of  the  evolution 
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Fig.  3.  Homology  between  X  DNA  and  the  DNAs  of  several  related  phages.  The  upper  bar 
shows  the  distribution  of  genes  in  X  DNA  molecules.  "Head"  genes  are  involved  in  packaging 
DNA  into  phage  particles.  "Tail"  genes  are  necessary  to  make  the  particles  infective.  At  least 
three  "blank"  regions,  containing  no  genes  with  essential  functions,  are  visible.  One  of  them 
is  labeled  because  it  is  known  to  be  dispensable  in  deletion  mutants.  "Prophage  ends"  indicates 
the  point  at  which  viral  DNA  is  cut  to  recombine  with  a  bacterial  chromosome.  Numbers  of 
genes  in  each  segment  are  indicated  below  the  X  bar.  The  four  lower  bars  indicate  those  seg- 
ments in  X  DNA  that  match  segments  in  DNAs  of  the  four  phages  identified  at  the  left.  (Data 
from  N.  Davidson  and  W.  Szybalski,  et  al.) 


of  the  genetic  material.  Hershey  describes  five  viral  races:  lambda,  434,  82,  21, 
and  $80,  which  exhibit  interesting  homologies  and  yet  a  striking  diversity  in  their 
DNAs  (Figure  3).  He  also  concludes  that  the  several  races  were  derived  from 
still  other  races  by  reassortment  of  unlike  segments  of  DNA.  He  speculates  that 
both  the  diversity  and  the  capacity  to  form  hybrid  recombinants  have  served  a 
joint  evolutionary  purpose.  He  further  suggests  that  DNA  segments  brought  in 
to  the  genetic  material  from  outside  the  lambda  family  by  illegitimate  recombina- 
tion 4  may  have  played  a  dominant  role  in  the  family  history  of  these  viruses. 
According  to  Hershey  no  other  hypothesis  satisfactorily  explains  the  differing 
nucleotide  composition  of  the  DNA  segments  of  the  several  lambda  races. 

This  was  the  final  year  in  the  training  of  Fellows  at  the  Genetics  Research  Unit. 
It  also  was  the  final  year  of  operation  of  the  Cytogenetics  Laboratory  by  the 
Institution  on  the  campus  of  the  University  of  Michigan  at  Ann  Arbor.  These 
two  laboratories  were  successors  to  the  Station  for  Experimental  Evolution  and 
the  Department  of  Genetics,  which  were  major  influences  in  developing  genetics 

4  Illegitimate  recombination  may  occur  in  the  interchange  between  chromatids  and  results  in 
nonhomologous  reciprocal  products. 
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research  in  the  United  States  from  1904  to  1963.  The  operations  of  the  Genetics 
Research  Unit  could  hardly  have  closed  on  a  more  distinguished  note,  with  a 
Nobel  Award  to  Alfred  D.  Hershey,  its  Director,  in  1969,  and  the  award  of  the 
National  Medal  of  Science  to  Barbara  McClintock,  a  Distinguished  Service  Mem- 
ber, in  1971.  Both  Dr.  Hershey  and  Dr.  McClintock  will  continue  their  studies 
as  individual  investigators  within  the  Institution  at  Cold  Spring  Harbor. 

Studies  of  Developmental  Biology.  The  activities  of  the  Department  of 
Embryology  during  the  year  gave  several  particularly  fine  illustrations  of  the 
research  productivity  and  educational  value  of  Staff  Member-Student-Fellow  col- 
laboration on  research  projects.  The  Department  has  a  well-defined  long-range 
objective:  the  total  understanding  of  individual  development  at  all  levels,  from 
gene  to  mature  organism.  A  secondary  long-range  objective  is  that  of  identifying 
the  molecules  coordinating  the  action  of  seemingly  unlinked  genes. 

One  outstanding  event  of  the  year  at  the  Department  was  the  isolation  and 
characterization  of  the  "silk  message"  by  Y.  Suzuki,  a  postdoctoral  Fellow 
associated  with  the  laboratory  of  Staff  Member  Donald  Brown.  The  silk  message 
is  contained  in  the  messenger  RNA  (mRNA)  that  directs  the  synthesis  of  the 
protein  fibroin.  Fibroin  is  spun  into  the  silk  filament  of  the  commercial  silkworm, 
Bombyx  mori.  Suzuki's  success  is  considered  a  particularly  notable  event  in  the 
world  of  developmental  biology  because  it  is  the  first  messenger  RNA  to  be  iso- 
lated in  sufficient  purity  for  detailed  analysis  and  description.  It  now  appears  to 
be  possible  to  analyze  the  stability  of  the  mRNA  molecule,  measure  its  rate  of 
synthesis,  and  identify  its  movement  from  nucleus  to  cytoplasm.  Isolation  of  the 
genes  encoding  silk  fibroin  should  be  equally  possible. 

Biochemical  isolation  of  the  fibroin  gene  is  considered  an  eventual  certainty 
because  a  few  other  genes  already  have  been  identified.  Among  others  Donald 
Brown  of  the  Department  of  Embryology  has  accomplished  this  in  his  work  on 
the  DNAs  of  the  South  African  toad,  Xenopus  laevis. 

During  this  year  Brown  and  Pieter  Wensink,  a  student  at  Johns  Hopkins  Uni- 
versity, went  on  to  isolate  the  5S-ribosomal  DNA  of  Xenopus.  Their  cooperative 
study  also  included  investigation  of  the  structure  of  28S  and  18S  ribosomal  DNAs 
of  two  closely  related  species,  Xenopus  laevis  and  Xenopus  mulleri.  They  found 
that  the  28S  and  the  18S  sequences  of  the  two  species  cannot  be  distinguished, 
except  that  the  "spacer"  regions  of  the  DNAs  clearly  differ.  Some  intriguing 
evolutionary  questions  thereby  are  raised,  according  to  J.  D.  Ebert,  Director  of 
the  Department,  as  to  the  meaning  of  the  apparently  inactive  "spacer  DNA." 

In  a  somewhat  unusual  collaboration  Dr.  Ebert  has  drawn  together  the  work 
of  a  group  of  Fellows  and  Assistant  Investigators.  Earlier  it  was  reported  that 
Mrs.  M.  Yoshikawa-Fukada  and  Ebert  found  that  the  RNA  of  the  Rous  sarcoma 
virus,  a  known  tumor-causing  agent,  hybridizes  with  the  DNAs  of  nearly  all  plant 
and  animal  organisms  having  nucleated  cells.  As  a  part  of  this  earlier  work, 
Yoshikawa-Fukada  and  Ebert  described  an  insoluble  chromatin  fraction  found 
in  Chinese  hamster,  HeLa,  and  baby  hamster  kidney  (BHK)  cells  that  could 
synthesize  DNA  in  the  absence  of  added  primer.  Further  study  during  this  year 
suggests  that  the  insoluble  fraction  may  contain  a  DNA-synthesizing  enzyme. 
C.  W.  Orr,  an  Assistant  Investigator  working  with  Ebert,  has  attempted  to  char- 
acterize the  enzymes  prepared  from  normal  and  polyoma-virus  transformed  BHK 
cells.   Orr  has  found  evidence  that  the  enzymes  from  the  two  types  of  cells  differ. 

Orr,  Yoshikawa-Fukada,  and  Ebert  also  observed  that  cell  replication  and 
DNA  synthesis  may  be  regulated  effectively  by  modifying  the  potassium  content 
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of  cell  media.  High  concentrations  of  potassium  block  DNA  synthesis,  but  it 
may  be  reactivated  by  restoring  cells  to  a  normal  medium.  At  the  close  of  the  year 
Orr  and  Ebert,  working  with  T.  F.  McDonald  and  H.  Sachs,  postdoctoral  Fellows, 
were  examining  the  working  hypothesis  that  the  rate  of  DNA  synthesis  may  be 
regulated  by  changes  in  membrane  potential.  This  work  was  being  supplemented 
by  John  Rash,  Assistant  Investigator  at  the  Department,  who  is  examining  the 
fine  structure  of  cells  growing  in  high  potassium  medium. 

Photosynthesis  Investigations.  One  of  the  longest  continued  of  all  projects  in 
the  Institution  program  has  been  that  of  the  biochemistry  and  biophysics  of 
photosynthesis.  Beginning  with  the  research  of  H.  A.  Spoehr  sixty  years  ago,  the 
Department  of  Plant  Biology  has  devoted  unbroken  attention  to  this  complex  and 
very  important  process.  Through  the  years  one  step  after  another  has  probed 
the  interior  of  the  living  leaf  or  algal  cell,  but  with  each  step  mysteries  have 
remained,  even  as  knowledge  of  many  complex  components  has  increased. 

Study  on  this  project  continued  during  the  past  year  much  as  it  has  during  other 
recent  years.  Biophysical  methods  of  study  have  had  a  special  tradition  in  the 
Department.  During  the  year  study  at  liquid  nitrogen  temperature  of  the  differ- 
ent forms  of  chlorophyll  in  chloroplast  fractions  confirmed  the  existence  of  four 
major  forms  of  chlorophyll  a  with  characteristic  peak  wavelengths  of  light  absorp- 
tion. This  work  is  a  precursor  of  the  far  more  difficult  task  of  measuring  the 
absorption  spectra  of  chlorophyll  forms  at  room  temperature.  C.  S.  French, 
Director  of  the  Department  of  Plant  Biology,  David  Fork,  and  their  colleagues 
hope  to  obtain  both  absorption  and  action  spectra  as  they  function  in  each  of 
the  two  known  photosystems.  In  preparation  for  this,  Jeanette  Brown,  a  Staff 
Member,  has  analyzed  the  photochemical  activities  of  chloroplast  fractions  from 
a  number  of  different  algal  species  to  ascertain  their  merits  as  material  for  future 
studies  of  action  spectra. 

The  Department  of  Plant  Biology  has  a  companion  project  for  its  biochemical 
and  biophysical  investigations  in  its  physiological  ecology  studies.  In  the  last  few 
years  the  physiological  ecology  investigations  have  centered  on  plants  with  a 
specialized  leaf  anatomy  that  appears  to  contain  two  "pathways"  for  their  primary 
fixation  of  carbon  dioxide.  In  the  most  common,  or  Calvin,  pathway  a  pivotal 
role  is  played  by  a  3-carbon  compound,  phosphoglyceric  acid.  Certain  plants 
have  a  second  and  supplemental  pathway  in  which  a  4-carbon  compound,  dicar- 
boxylic  acid,  has  a  key  role.  Results  obtained  this  year  by  0.  Bjorkman,  a  Staff 
Member,  show  that  the  inhibition  of  growth  in  C3  plants  by  the  concentrations  of 
oxygen  occurring  in  ambient  air  is  not  found  in  plants  with  the  supplemental  C4 
pathway.  This  capacity  of  C4  plants  may  enable  their  adaptation  to  the  hot,  arid 
environments  where  C4  species  are  dominant.  Confirmation  of  the  C4  plants' 
capacity  was  obtained  by  Bjorkman  and  R.  W.  Pearcy,  a  postdoctoral  Fellow,  by 
field  and  laboratory  study  of  Atriplex  species  5  in  Death  Valley  during  its  high 
summer  temperatures. 

Other  studies  of  artificially  produced  hybrids  of  C3  and  C4  Atriplex  species 
by  Bjorkman,  M.  A.  Nobs,  and  J.  A.  Berry  indicate  that  the  number  of  genes 
determining  the  inheritance  of  each  component  of  the  C4  pathway  is  small,  and 
that  the  optimum  recombination  of  all  components  in  hybrid  individuals  is  likely 
to  be  infrequent.  A  project  of  producing  hybrids  adaptable  to  a  variety  of  natural 
habitats  is  being  pursued. 

5  Atriplex  species  are  known  by  the  common  names  of  saltbush  and  greasewood. 
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Advanced  Research  Projects  of  Limited  Duration  in  Which 
Fellows  or  Students  Assume  Primary  Responsibility 

It  is  often  difficult  to  distinguish  between  research  projects  of  limited  duration 
and  those  with  longer-range  objectives.  In  the  web  of  research  covering  a  lively 
subject  a  well-chosen  and  successfully  concluded  research  project  will  contribute 
to  the  long-range  objectives  of  the  discipline.  Nonetheless  some  projects  have  a 
more  clearly  defined  beginning  and  end  than  others.  Not  unusually  at  the  Institu- 
tion Fellows  or  students  may  assume  primary  responsibility  for  planning  and 
carrying  out  the  research  on  them. 

Several  examples  of  projects  of  limited  duration  at  the  Hale  Observatories  and 
the  Geophysical  Laboratory  will  illustrate  student  and  Fellow  leadership  in 
planning  and  execution.  Perhaps  the  simplest  example  from  this  year,  but  still 
a  significant  project,  was  that  of  two  undergraduate  students  from  the  California 
Institute  of  Technology,  R.  J.  Dam  and  V.  A.  Waddington,  who  made  a  photo- 
graphic study  at  the  Hale  Observatories  of  the  motions  of  the  "Red  Spot"  on  the 
planet  Jupiter.  Using  several  different  telescopes  they  confirmed  the  existence  of 
a  90-day  period  of  oscillatory  motion  by  the  Red  Spot.  They  also  successfully 
observed  the  motions  of  three  long-enduring  oval  spots  in  the  South  Temperate 
Belt  of  Jupiter. 

In  a  study  at  the  Department  of  Terrestrial  Magnetism's  Astrophysics  Section; 
C.  K.  Kumar,  a  Fellow,  undertook  to  review  critically  the  determinations  of  solar 
iron  abundance  that  have  been  made  in  recent  years,  particularly  those  using  the 
forbidden  lines  of  iron.  The  abundance  of  iron  in  the  sun  has  been  a  controversial 
topic  in  solar  physics  because  of  the  apparent  discrepancy  between  the  values 
obtained  from  studies  of  the  corona  and  those  from  studies  of  the  photosphere. 
Accurate  knowledge  of  the  solar  iron  abundance  value  has  become  important 
because  of  its  influence  on  the  theories  of  the  solar  neutrino  flux  and  on  determina- 
tions of  the  primordial  ratio  of  helium  to  hydrogen.  Recent  determinations 
of  abundance  in  tlie  sun  favor  higher  values  than  those  formerly  accepted. 
Since  the  forbidden  spectral  lines  for  solar  iron  are  very  weak,  Kumar  suspected 
that  many  of  them  may  be  "blended"  with  lines  of  other  elements.  Such  blends 
can  lead  to  interpretations  of  a  higher  value  for  iron  abundance  than  actually 
exists.  Kumar  undertook  a  study  of  these  possible  blends,  investigating  the  CH, 
C2,  NH,  MgH;  SiH,  and  CN  molecules,  all  of  which  have  been  identified  in  the 
sun's  photosphere.  He  found  that  about  one  third  of  the  forbidden  lines  frorrj 
which  recent  accepted  determinations  in  abundance  have  been  made  were  blended 
The  recent  higher  determinations  of  iron  abundance  in  the  sun  thus  may  be  too 
high. 

At  the  Geophysical  Laboratory  D.  Smith,  a  postdoctoral  Fellow,  conducted  a 
number  of  experiments  on  the  stability  fields  of  iron-rich  pyroxenes,  olivine,  and 
quartz.  These  experiments  were  made  with  mineral  compositions  within  the 
pyroxene  quadrilateral.6  Knowledge  of  these  assemblages  is  potentially  useful 
both  as  a  geologic  thermometer  and  as  a  geologic  barometer.  The  results  of  these 
experiments  clarified  two  phenomena:  the  miscibility  gap  for  iron-rich  clino- 
pyroxenes  and  the  forbidden  zone  in  the  pyroxene  quadrilateral  where  these 
minerals  are  not  stable  at  low  pressures.  Smith  and  L.  W.  Finger,  Crystallographer 
at  the  Laboratory,  determined  the  cell  dimensions  of  clinopyroxenes  synthesized 

6  The  pyroxene  quadrilateral  bounds  a  "region"  of  related  minerals  whose  corners  are  diopside 
[CaMg(SiO)3]2,  hedenbergite  [CaFe(SiO,)2],  enstatite   (MgSiO,),  and  ferrosilite  (FeSiO,). 
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during  the  experiments.  Their  results  indicate  that  the  critical  temperature  in  the 
miscibility  gap  is  only  slightly  influenced  by  pressure. 

The  extraordinary  opportunity  for  self-development  and  achievement  that  can 
be  given  the  postdoctoral  Fellow  at  the  Institution  was  well  illustrated  by  H.  K. 
Mao  in  his  last  year  as  a  Fellow  at  the  Geophysical  Laboratory.  Mao  appears 
in  the  current  Year  Book  as  senior  author  of  four  reports,  and  coauthor  of  four 
more.  Working  primarily  with  P.  M.  Bell,  a  Staff  Member  at  the  Laboratory, 
Mao  played  an  important  role  in  a  number  of  experiments  employing  high  pressure 
apparatus.  In  some  of  their  more  significant  experiments  Mao,  Bell,  and  their 
collaborators  used  a  new  diamond-window  pressure  apparatus  and  new  auxiliary 
apparatus  for  measuring  polarized  crystal-field  spectra  of  an  oriented  crystal 
under  pressure.  The  results  of  the  studies  in  which  Mao  and  Bell  participated 
included  the  following:  (1)  It  was  determined  that  certain  minerals  have  a  non- 
linear increase  in  solubility  with  pressure  (Van  Valkenberg,  Mao,  and  Bell) .  This 
determination  indicates  that  minerals  at  locations  of  high  stress  along  faults 
could  be  dissolved  and  reprecipitated  in  zones  of  lower  stress.  (2)  Through 
polarized  spectra  a  band  shift  was  observed  in  oxygen-coordination  polyhedra 
that  indicates  a  broader  transmission  "window"  for  radiative  transfer  of  heat 
within  the  earth  than  that  hitherto  assumed  (Bell  and  Mao) .  (3)  Analytical 
confirmation  was  obtained  of  the  presence  of  dissolved  silica  in  pyroxenes  under 
pressure  (Bell  and  Mao).  This  is  of  crucial  importance  in  determining  the  reac- 
tions involved  in  the  formation  of  natural  basalts  and  metamorphic  rocks.  (4) 
Liquids  and  solids  normally  thought  to  be  incompatible  at  melting  temperatures 
were  shown  .to  coexist  if  there  are  stress  differences,  as  along  a  deep-lying  fault 
(Mao  and  Bell) .  Thus  a  stress  difference  at  great  depths  could  account  for  the 
occurrence  of  composite  lavas  where  major  contrasts  of  composition  have  been 
observed. 


Inventions,  Equipment  Development,  and  Innovations 

Scientific  discovery  and  innovation  in  equipment  or  scientific  method  have  gone 
hand  in  hand  at  the  Carnegie  Institution,  as  in  other  productive  organizations.7 
Having  operated  in  the  long  period  when  few  needed  pieces  of  equipment  or  mate- 
rials were  available  as  shelf  items,  and  always  with  economy  budgets,  the  Institu- 
tion Departments  have  a  tradition  of  inventiveness  and  resourcefulness  that  has 
helped  to  keep  their  programs  renewed,  alive,  and  advancing.  Working  within 
this  tradition  has  been  an  outstanding  educational  opportunity  for  the  Fellows 
and  students  who  often  have  discovered  in  themselves  latent  capacities  for  tech- 
nical problem  solving.. 

Much  of  the  physical  innovation  to  be  reported  this  year  took  the  form  of 
equipment  development.  At  each  of  the  Departments  some  years  are  likely  to 
bring  more  that  is  new  than  others.  Such  was  the  case  for  the  Hale  Observatories 
and  for  the  Geophysical  Laboratory  during  1970-1971. 

During  the  year  the  new  60-inch  telescope  on  Palomar  Mountain  was  com- 
pletely assembled  and  optical  testing  on  stars  was  begun.  Manufacture  and  assem- 
bly of  auxiliary  instruments  for  its  operation  were  well  advanced.  This  versatile 
new  instrument  with  its  wide-field  optics  is  expected  to  be  much  in  demand  by 
staff  astronomers,  Fellows,  and  guest  investigators. 

7  Edward  A.  Ackerman,  Fifteen  Years  of  Innovation,  Discovery,  and  Evolution  at  the  Car- 
negie Institution,  Mount  Wilson  Observatory,  California,  May  28,  1971. 
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The  most  important  equipment  development  during  the  year  for  the  Institu- 
tion's astronomers  was  not  officially  part  of  the  Hale  Observatories'  operation, 
although  many  of  the  Hale  Observatories'  staff  contributed  to  its  progress.  This 
was  the  completion  of  site  preparation  and  the  installation  of  a  40-inch  telescope 
which  made  possible  the  first  operations  of  the  new  Las  Campanas  Observatory  in 
Chile.  Arrangements  were  also  completed  with  the  University  of  Toronto  to 
install  a  24-inch  telescope  for  its  use  at  Las  Campanas.  Most  importantly,  the 
Institution  began  construction  on  a  100-inch  telescope  of  a  new  design  for  Las 
Campanas.  This  instrument,  to  be  known  as  the  Irenee  du  Pont  Telescope,  was 
made  possible  by  a  $1.5  million  gift  from  Mr.  and  Mrs.  Crawford  H.  Greenewalt. 
The  optical  design,  developed  by  Ira  S.  Bowen,  Distinguished  Service  Member, 
and  Arthur  H.  Vaughn,  Jr.,  Staff  Member  of  the  Observatories,  will  have  unusual 
capability  for  wide-angle  photography  at  the  Cassegrain  focus.  The  limiting 
magnitude  will  be  equal  to  that  of  the  200-inch  telescope  at  Palomar.  The  coude 
optics  are  designed  to  be  particularly  effective  for  stars  within  70°  of  the  South 
Pole.  The  coude  system  will  have  only  three  reflections  of  image  instead  of  the 
normal  five,  and  it  has  only  one  oblique  reflection.  The  primary  mirror  will  be  a 
101-inch  disk  of  fused  silica  now  being  fabricated  at  the  Corning  Glass  Works. 
Engineering  and  construction  of  the  Irenee  du  Pont  Telescope  are  proceeding  on 
a  42-month  schedule. 

One  of  the  reasons  for  the  great  effectiveness  of  the  newer  telescopes,  like  the 
Irenee  du  Pont  Telescope  now  in  construction,  is  the  variety  of  sensitive  auxiliary 
instruments  that  have  been  designed  and  produced  for  use  with  these  telescopes. 
Even  the  older  telescopes,  like  those  of  Mount  Wilson,  have  had  a  near  revolution 
in  their  effectiveness  during  the  last  decade.  The  Hale  Observatories  have  been 
a  leader  in  the  design  and  production  of  these  instruments,  principally  through 
their  Astroelectronics  Laboratory. 

One  other  group  within  the  Institution,  the  Astrophysics  Section  of  the  Depart- 
ment of  Terrestrial  Magnetism,  has  also  long  maintained  a  commitment  to 
auxiliary  instrumentation.  Their  leadership  in  the  development  of  the  image  tube 
for  telescopes  has  been  reported  in  preceding  issues  of  the  Report  of  the  President 
and  elsewhere.  The  availability  of  a  new  high-gain  RCA  image  tube  this  year 
made  possible  the  construction  of  an  experimental  digitized  system  by  Kern  Ford, 
Jr.,  for  counting  the  number  of  photoelectron  scintillations  in  a  picture  element 
obtained  with  the  tube.  A  scanning  technique  is  used  with  accumulation  in  a 
multiscaling  signal-averaging  device.  The  efficiency  of  the  experimental  system 
is  not  yet  high,  but  it  is  considered  to  be  a  very  promising  system  for  obtaining 
quantified  image  representation  and  of  great  potential  interest  to  optical 
astronomy. 

Also  at  the  Department  of  Terrestrial  Magnetism,  I.  S.  Sacks  and  D.  W.  Evert- 
son  developed  an  improved  model  of  their  borehole  strainrate  meter.  The  earlier 
version  of  this  highly  sensitive  instrument  was  not  considered  ideal  for  installation 
in  earthquake  regions,  in  part  because  the  very  slow  accumulations  of  strain 
thought  to  be  indicative  of  impending  earthquakes  are  not  easily  measurable  on 
the  strainmeter.  A  new  model  completed  this  year  was  designed  to  overcome 
the  disadvantages  of  the  earlier  strainmeters  for  observations  in  earthquake 
regions  (Figure  4).  The  initial  tests  of  the  improved  meter  on  localized  earth- 
quakes in  Japan  are  described  later  in  this  report,  and  appear  to  have  been  very 
successful. 

1970-1971  also  was  a  productive  year  for  innovation  in  method  and  equipment 
at  the  Geophysical  Laboratory.   T.  E.  Krogh  developed  an  improved  method  for 
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Fig.  4.  Schematic  view  of  the  improved  strainmeter  (left).  The  vessel,  which  is  in  intimate 
contact  with  the  rock,  is  deformed  by  the  strain  change  forcing  oil  from  volume  A  through 
constriction  R  into  bellows  BL.  The  bellows  extends  (or  contracts)  displacing  the  oil  into  the 
gas  space.  Arm  L  rotates  about  flexural  pivot  P.  This  movement  is  measured  both  by  the  dif- 
ferential transformer,  DT,  and  by  the  bimorph,  B.  The  minimum  calibration  step  is  5  X  10-10 
and  the  maximum  is  4  X  10"5.  At  the  right  is  a  schematic  diagram  of  installation  in  rock. 

dating  zircons  sensitive  enough  to  date  a  one-milligram  sample  from  rocks  2700 
million  years  old  with  an  analytical  uncertainty  of  only  one  million  years.  The 
new  precision  of  this  technique  will  make  possible  detailed  investigation  of 
tectonic  events  of  the  early  Precambrian. 

P.  M.  Bell  and  H.  K.  Mao  completed  a  new  apparatus  for  measuring  polarized 
crystal-field  spectra  of  oriented  single  crystals  at  high  pressure.  It  is  used  in 
combination  with  an  improved  diamond  pressure  cell  developed  in  part  at  the 
Laboratory.  Polarized  spectra  of  ferrosilite  and  fayalite  were  obtained  with  the 
apparatus  that  are  significant  for  the  description  of  the  transmission  "window"  in 
radiative  heat  transfer  within  the  earth.  Studies  of  the  effects  of  pressure  on 
mineral  solution  and  precipitation  with  the  diamond-window  cell  have  suggested 
a  new  process  of  solvent  extraction. 

L.  W.  Finger  and  C.  Hadidiacos  have  made  a  dramatic  improvement  in  the 
electron  probe  facility  at  the  Geophysical  Laboratory  by  developing  an  automated 
mode  of  operation.  The  data-gathering  and  read-out  systems  on  the  probe  are 
now  controlled  by  an  on-line  computer  which  also  performs  some  of  the  data 
reduction.  The  analytical  program  which  Finger  and  Hadidiacos  have  written 
gives  the  operator  great  flexibility  in  approaching  an  analytical  problem,  and 
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protection  from  errors.  With  the  new  system  it  is  possible  to  make  a  complete 
chemical  analysis  of  a  point  on  an  unknown  sample  in  three  to  five  minutes.  This 
improved  facility  creates  many  opportunities  for  attacking  hitherto  impractical 
petrology  problems  that  require  collection  of  large  amounts  of  analytical  data. 

P.  E.  Hare,  Staff  Member,  devised  refinements  in  existing  instrumentation  that 
make  possible  amino  acid  detection  at  subnanogram  levels.  For  example,  foramini- 
fera  samples  weighing  a  small  fraction  of  a  milligram  and  containing  less  than 
one  percent  total  amino  acids  may  be  assayed.  The  study  of  amino  acids  in 
microfossils  thus  has  become  practical. 

Two  other  innovations  during  the  year  at  the  Laboratory  were:  development 
by  T.  C.  Hoering  of  a  simplified  method  of  identifying  substances  from  living 
organisms  extracted  from  rocks;  and  J.  M.  Mattinson's  simple  molecular  distilla- 
tion system,  which  reduces  by  ten  to  one  hundred  times  the  contamination  levels 
of  trace  lead  in  reagents  used  in  analyzing  mineral  samples.  Dr.  Mattinson  is  a 
Fellow  at  the  Laboratory. 


Examples  of  Formal  Instruction 

Although  the  heart  of  the  Institution's  research  and  training  program  is  and 
will  continue  to  be  the  collaboration  of  Staff  Member  and  Fellow  on  a  research 
project,  interest  in  formal  instruction  has  been  growing.  The  oldest  of  the  formal 
programs  is  that  of  the  Hale  Observatories,  where  students  registered  at  the 
California  Institute  of  Technology  have  been  student  observers  at  Mount 
Wilson  since  1950.  Twenty-three  such  student  observers  received  instruction  at 
the  Observatories  during  the  year. 

In  recent  years  scheduled  seminar  series  for  Staff,  Fellows,  and  students  have 
become  increasingly  regular  components  of  the  programs  of  all  Department's. 
This  has  been  especially  true  of  Departments  like  Terrestrial  Magnetism,  Embry- 
ology, and  the  Geophysical  Laboratory.  These  seminar  series  may  be  illustrated 
by  the  1970-1971  program  of  the  Department  of  Terrestrial  Magnetism. 

During  the  year  the  Department  of  Terrestrial  Magnetism  conducted  three 
separate  seminar  series:  one  in  astrophysics,  a  second  in  geophysics,  and  another 
in  biophysics.  The  pattern  in  each  of  these  three  series  generally  was  one  of 
advanced  seminar  discussions  with  both  Staff  and  student  leaders.  The  sessions 
in  each  of  the  three  series  were  held  either  weekly  or  twice  weekly  for  periods  of 
an  hour  and  a  half  to  two  and  one-half  hours.  Topics  had  been  previously  chosen 
to  follow  an  orderly  progression  on  some  timely  aspect  of  advanced  research  in 
the  field. 

The  Astrophysics  Section  treated  both  optical  and  radio  astronomy  in  its  series. 
The  optical  astronomy  half  included  sessions  on  experimental  physics,  galaxies, 
gaseous  nebulae,  and  interstellar  reddening.  The  radio  astronomy  half  included 
the  physics  of  emission  mechanisms,  techniques  of  radio  observation,  21-centimeter 
observations,  supernova  remnants,  high  velocity  hydrogen  clouds,  molecular  lines 
and  long  base-line  interferometry,  problems  of  beam  foil  spectroscopy,  and 
physical  processes  in  gaseous  nebulae. 

The  weekly  seminar  series  of  the  Geophysics  Section  included  both  geochemistry 
and  geophysics.  Among  the  seminar  subjects  were  geochemistry  of  island  arc  vol- 
canic rocks,  anisotropy  in  the  mantle  of  the  earth,  geochronology  of  the  Black 
Forest,  electrical  resistivity  of  the  Peruvian  Altiplano,  and  the  relation  of  Andean 
crustal  and  upper  mantle  structure  to  tectonics. 
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The  Biophysics  Section  series  extended  over  eight  months  of  the  academic 
year  and  included  such  topics  as  homologies  and  divergences  of  viruses  and 
bacterial  genomes,  divergence  of  higher  cell  genomes  in  evolution,  organization 
of  Drosophila  DNA,  biological  clocks,  human  satellite  DNAs,  the  genetic  control 
of  growth,  studies  of  the  structure  of  chromatin,  and  the  visualization  of  genes  in 
action  (Table  1). 

These  seminar  series  have  been  notably  enriched  by  the  participation  of 
scientists  from  Federal  Government  organizations  located  in  Washington  and 
elsewhere,  professors  and  research  scientists  from  United  States  universities,  and 
visiting  foreign  scientists. 

In  addition  to  the  scheduled  seminar  discussions  at  the  Department,  tutorial 
assignments  were  made  that  established  continuing  advisory  relations  between 
staff  and  students  or  Fellows.  In  this,  one  or  more  Staff  Members  assumed  the 
responsibility  for  the  scientific  growth  and  development  of  each  student  and 
were  available  for  consultation  as  needed. 

Similar  seminar  series  and  a  pattern  of  tutorial  advisory  assistance  were  fol- 
lowed at  each  of  the  other  Departments.  All  had  available  seminar  series  on 
advanced  topics,  and  discussions  between  student  and  staff,  often  spirited,  were 
a  part  of  daily  life. 

TABLE  1.  Department  of  Terrestrial  Magnetism  Biophysics  Seminar  Program,  1970-1971 


Date 


Discussion  Leaders 


Topics 


October  12,  1970 

October  19 

October  26 
November  2 
November  9 

November  16 

November  23 
December  7 

December  9 

December  14 
January  5,  1971 
January  11 


R.  J.  Britten  (DTM) 


D.  B.  Cowie  (DTM)  and  D.  J. 
Brenner  (Walter  Reed  Medical 
Center) 

R.  J.  Britten  (DTM) 

R.  J.  Britten  and  N.  A.  Straus 
(DTM) 

Nancy  R.  Rice,  B.  Hoyer,  and 
D.  E.  Kohne  (DTM) 

D.  E.  Kohne,  R.  J.  Avery,  and 
M.  Byers  (DTM) 

R.  J.  Britten  (DTM) 

Martha  Simon  (New  York  Uni- 
versity at  Stony  Brook) 

Henry  Koffler  (Head,  Biolog- 
ical Sciences  Department,  Pur- 
due University) 

Ruth  Pertel  (National  Insti- 
tutes of  Health) 

Elizabeth  Dickson  (University 
of  Texas) 

Ray  McKenzie  (Naval  Medical 
Research  Institute) 


Basic  phenomena;  strand  pairing  and 
melting ;  kinetics  of  reassociation ;  general 
techniques. 

Virus  and  bacterial  genomes;  homologies 
and  divergences. 

The  mouse  satellite  and  others;  in  situ 
hybridization. 

Higher  cell  genomes;  repeated  and  non- 
repeated  DNA ;  patterns  of  divergence. 

Divergence  of  higher  cell  genomes  in 
evolution ;  production  of  new  repeated 
DNA. 

Expression  of  complementary  RNA: 
single  vs.  multiple,  and  nuclear  vs.  cyto- 
plasmic. 

Possible  function  of  repeated  DNA  and 
gene  regulation. 

Electron  microscope  heteroduplex  studies 
of  sequence  relations  of  the  DNA  of 
lamboid  phages. 

Biogenesis  of  the  bacterial  flagellum. 


The  nematodes  as   a   model   system   for 
differentiation. 

Organization  of  Drosophila  DNA. 
Polypeptide  DNA  reaction. 
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Table  1. — Continued 


Date 


Discussion  Leaders 


Topics 


January  12 

January  25 
February  1 

February  8 

February  23 

March  1 

March  8 

March  15 

March  22 

March  29 

April  5 

April  12 
April  29 

May  4 
May  14 

June  1 

June  8 

June  30 


Colin      Pittendrich      (Stanford      Biological  clocks 

University) 

R.  J.  Britten  (DTM) 

D.  E.  Kohne  (DTM) 


S.  Falkow  (Georgetown  Univer- 
sity) 

Allan  Leffler  II,  M.D.  (Balti- 
more, Maryland) 

Richard  Firtel  (California  Insti- 
tute of  Technology) 

R.J.Britten  (DTM) 

Arthur  Beaudet  (National  Insti- 
tutes of  Health) 
W.  R.  Duryee  (George  Washing- 
ton University  Medical  School) 

R.  Friedman  and  R.  Stern  (Na- 
tional Institutes  of  Health) 

T.  Kelley  (National  Institutes 
of  Health) 

Sandra  M.  Faber  (DTM) 

Robert  Clark  (National  Insti- 
tutes of  Health) 

Sandra  M.  Faber  (DTM) 

Barbara  Hamkalo  (Oak  Ridge 
Laboratories,  Tennessee) 

J.  Bishop  (University  of  Edin- 
burgh, Scotland) 

C.  E.  Finch  (Rockefeller  Uni- 
versity) 

Samuel  Weeks  (Curator,  Bird 
House,  National  Zoological 
Park,  Smithsonian  Institution) 


Model  of  gene  regulation. 

RNA  expression  of  single-  and  multiple- 
copy  DNAs. 
Replication  of  bacterial  plasmids. 


Human  satellites. 

Studies  of  DNA  in  cellular  slime  molds. 

Arrangement  of  repeated  sequences  in 
genome  patterns  of  repeated  sequences. 

Mammalian  peptide  chain  termination. 

The  genetic  control  of  growth. 

Double-stranded  RNA  in  animal  cells. 

The  restriction  enzyme  from  H.  influ- 
enzae :  base  sequence  of  the  recognition 
site. 

What  are  galaxies  made  of? 

Studies  of  the  structure  of  chromatin. 

Stellar  rotation. 

Visualization  of  genes  in  action. 

DNA  hybridization  studies. 

Aging. 

Is  there  intelligent  life  on  earth? 


Relations  of  the  Institution  to  Universities,  Other  Research 
and  Educational  Organizations,  and  the  Research  Community 

The  Institution's  educational  and  research  programs  owe  not  a  little  of  their 
strength  and  diversity  to  a  network  of  relations  with  universities  and  other 
scholarly  and  scientific  organizations  throughout  the  United  States  and  in  foreign 
countries.  This  network  changes  from  year  to  year  and  the  pattern  never  is 
repeated  exactly,  since  it  depends  on  the  research  interests  of  Staff  Members  and 
Fellows,  the  prior  organizational  affiliations  of  Fellows,  and  the  progress  of 
research.  Nevertheless,  several  of  the  Institution's  affiliations  are  long  standing, 
particularly  those  with  several  major  American  universities.  These  include  the 
collaboration  between  Staff  Members  of  the  Department  of  Plant  Biology  and 
the  faculty  of  Stanford  University,  on  whose  campus  the  quarters  of  the  Depart- 
ment are  located;  the  collaboration  between  the  faculty  of  the  Johns  Hopkins 
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University  and  the  Department  of  Embryology  in  Baltimore,  which  has  extended 
over  almost  sixty  years;  the  joint  operation  of  the  Hale  Observatories  with  the 
California  Institute  of  Technology  and  the  unified  scientific  program  of  the 
Observatories ;  and  cooperation  between  the  Genetics  Research  Unit  and  the  Cold 
Spring  Harbor  Laboratory.  Operational  cooperation  includes  informal,  or  ad  hoc, 
research  activities,  supervision  of  student  research,  provision  of  facilities  for  work 
toward  degrees  granted  by  universities,  and  administrative  collaboration,  as  in 
the  joint  management  of  the  Hale  Observatories,  which  have  a  Director  from  one 
organization  and  an  Associate  Director  from  the  other. 

Collaborations  of  long  standing  need  not  necessarily  have  a  common  geo- 
graphical location.  The  Department  of  Terrestrial  Magnetism  offers  several 
examples.  The  Biophysics  Section  of  the  Department  has  long  collaborated  with 
scientists  at  the  University  of  Pennsylvania  in  part  of  its  biophysical  program. 
The  Geophysical  Section  for  many  years  has  worked  with  the  Universidad 
Nacional  de  San  Agustin  of  Arequipa,  Peru,  and  other  universities  of  western 
South  America  in  geophysical  observation  of  the  Central  Andean  area  and  in 
training  South  American  geophysicists. 

Almost  every  year  the  Institution  enters  ad  hoc  relationships  with  other  organi- 
zations that  may  be  critical  to  the  educational  and  research  program  of  one  or 
the  other.  The  collaboration  this  year  between  the  Department  of  Terrestrial 
Magnetism,  the  Earthquake  Research  Institute  of  the  University  of  Tokyo,  and 
the  Japan  Meteorological  Agency  in  testing  an  improved  model  of  the  Sacks- 
Evertson  borehole  strainmeter  is  an  example  of  such  a  relation. 

Japan  is  one  of  the  more  earthquake  prone  regions  of  the  earth,  and  also  is  one 
of  the  best  instrumented.  A  test  program  for  the  strainmeter  therefore  was 
designed  with  the  cooperation  of  the  Japan  Meteorological  Agency  and  the  Uni- 
versity of  Tokyo.  Three  instruments  were  installed  in  the  Matsushiro  area  of 
central  Honshu.  Two  of  them  were  installed  at  the  Matsushiro  Observatory  of  the 
Japan  Meteorological  Agency,  which  has  highly  sensitive  100-meter  quartz  bar 
extensometers  whose  operation  can  be  compared  with  the  borehole  strainmeters. 
The  third  instrument  was  installed  near  the  Nagana  Observatory  of  the  University 
of  Tokyo,  about  fifteen  kilometers  from  the  Matsushiro  Observatory.  The  two 
Matsushiro  instruments  are  only  300  meters  apart. 

Tests  are  being  made  with  these  three  instruments  of  the  capacity  of  the  strain- 
meter to  detect  the  effects  of  highly  localized  geology  on  local  earthquakes  and 
the  strain  field  decrease  with  distance.  The  instruments  have  been  routinely 
operated  since  March  1971.  Observations  of  local  earthquakes  with  the  instru- 
ments since  that  time  have  been  encouraging.  Comparisons  with  both  the  100- 
meter  extensometer  and  a  three-component  pendulum  seismograph  indicate  that 
the  borehole  strainmeter  may  become  a  significant  addition  to  existing  instru- 
mentation for  earthquake  study  (Figure  5) .  These  tests  are  under  the  supervision 
of  I.  S.  Sacks,  Staff  Member  of  the  Department  of  Terrestrial  Magnetism,  and 
S.  Suyehiro,  former  Carnegie  Fellow  and  now  Research  Associate  of  the  Institu- 
tion, as  well  as  a  Staff  Member  of  the  Japan  Meteorological  Agency. 

Symposia  for  Assessing  the  Status  of  Research 

Like  most  other  active  scientists,  Staff  Members  of  the  Institution  consider 
scientific  communication  to  be  a  very  important  part  of  their  duties  and  back- 
ground preparation.    This  already  has  been  suggested  by  the  extensive  list  of 
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Fig.  5a.  Strain  seismograms  from  local  and  regional  earthquakes  recorded 
by  the  borehole  strainmeters  and  the  100-meter  quartz  bar  extensometers. 
(1) :  Off  Fukushima  Prefecture.   (2),  (3) :  Matsushiro  local  shocks. 
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Fig.  5b.  Comparison  of  a  strain  seismogram  from  a  large  distant  earthquake,  due  south  of 
Matsushiro,  Japan,  with  records  from  a  three-component  seismograph  with  30-second 
pendulums. 
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cooperating  and  collaborating  organizations.  A  continuing  interest,  not  only  in 
an  early  publication  of  results  from  observations  and  experiments  conducted  by 
Staff  Members,  but  also  in  sponsoring  and  promoting  scientific  publication,  bears 
witness  to  this  policy.  In  addition,  in  recent  years  specialized  scientific  symposia 
exploring  the  state  of  knowledge  on  salient  research  frontiers  have  become  in- 
creasingly important.  The  Cold  Spring  Harbor  Symposia  on  molecular  biology, 
to  which  Institution  Staff  Members  have  consistently  contributed,  have  been 
outstanding  examples. 

During  the  year  the  occasion  of  Dr.  Haskins'  impending  retirement  from  his 
presidency  gave  rise  to  seven  noteworthy  symposia  conducted  in  his  honor, 
including  one  by  each  Department  of  the  Institution.  Two  will  be  described  here 
briefly,  the  Symposium  on  Social  Insects,  and  the  Symposium  on  Petrologic 
Implications  of  Plate  Tectonics.  Both  symposia  were  held  in  the  Washington, 
D.C.,  area  in  the  spring  of  1971. 

The  Caryl  P.  Haskins  Symposium  on  Social  Insects  took  place  on  February 
25,  26  and  27,  1971,  at  the  Administration  Building  of  the  Institution  in  Washing- 
ton. It  provided  an  opportunity  not  only  to  honor  Dr.  Haskins,  himself  a  leading 
research  worker  in  the  field,  but  also  for  the  first  intensive  oral  commentary  on 
advanced  research  on  these  earliest  and  yet  most  specialized  of  all  societies. 
Twenty-four  scientists  from  the  United  States,  Great  Britain,  France,  Germany, 
Israel,  Brazil,  and  Colombia  conducted  two  days  of  exposition  and  comment  on 
recent  findings  about  the  social  characteristics  of  ants,  termites,  wasps,  bees,  and 
other  insects  and  of  other  animals  sharing  their  social  life.  Edwin  0.  Wilson  of 
Harvard  University  and  Philip  H.  Abelson  of  the  Institution  were  co-organizers 
of  the  Symposium. 

Dr.  Wilson,  in  his  report  on  the  Symposium,  wrote  of  the  potential  importance 
of  insect  sociobiology :  "If  some  catastrophe  removed  all  the  highly  social  verte- 
brates, including  man,  the  remainder  of  the  natural  global  ecosystem  would 
scarcely  register  the  perturbation;  but  if  the  social  insects  were  exterminated,  the 
result  would  be  a  major  reorganization  of  the  land  environment. 

"For  these  reasons  it  is  reasonable  to  speak  of  insect  sociobiology  as  one  of  the 
relatively  most  underpopulated  and  undeveloped  of  the  biological  disciplines."  8 
The  Symposium  illustrated,  according  to  Wilson,  that  all  three  types  of  research 
significant  to  sociobiology  might  be  pursued  simultaneously  with  great  profit:  the 
natural  history  phase,  the  physiological  phase,  and  the  population  biology  phase. 

Thirty-four  scientists  from  the  United  States,  Canada,  Great  Britain,  and 
Australia  participated  in  the  Caryl  P.  Haskins  Symposium  on  Petrologic  Implica- 
tions of  Plate  Tectonics,  held  at  Airlie  House,  Warrenton,  Virginia,  March  17-20, 
1971.  An  impressive  array  of  evidence  supporting  plate  theory  was  reviewed, 
including  the  geographic  fit  of  the  continental  masses,  the  continuity  of  rock 
masses  of  similar  age  across  contiguous  continents,  the  distribution  of  fresh-water 
fossil  genera,  the  similarity  of  some  living  faunal  species,  the  distribution  of  the 
extensive  Permo-Carboniferous  glaciation  of  270  million  years  ago,  data  on 
reversals  in  the  polarity  of  the  earth's  magnetic  field,  the  position  of  volcanoes 
and  earthquake  epicenters  on  the  plate  boundaries,  and  observed  horizontal 
displacements  along  fault  lines. 

Of  equally  great  interest  to  Symposium  participants  were  observations  about 
the  earth's  surface  that  do  not  seem  to  fit  plate  tectonics  theory.  For  example, 
there  are  certain  "misfit  residuals"  in  any  reconstruction  of  the  ancient  land  masses 

8E.  0.  Wilson,  "Social  Insects,"  Science,  23  April  1971:  406. 
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like  Iceland  and  Central  America.  Other  problems  to  be  resolved  in  plate  tec- 
tonics theory  are  the  paucity  of  ocean  bottom  trenches  at  the  edges  of  some  of 
the  plates,  the  rarity  of  submarine  volcanic  eruptions,  inconsistencies  in  the 
magnetic  anomaly  stripes  near  the  central  oceanic  ridges,  and  a  lack  of  persuasive 
evidence  for  convective  upward  movement  at  the  oceanic  ridges.  The  ocean  bot- 
toms are  probably  as  complex  as  the  continents,  and  it  was  agreed  by  the  confer- 
ence participants  that  our  understanding  of  them  is  handicapped  by  lack  of  data. 
The  need  for  more  and  deeper  drill  cores  from  the  oceans  was  clearly  emphasized. 

In  his  summary  report  at  the  final  dinner  session  of  the  Symposium,  Hatten  S. 
Yoder,  Jr.,  now  Director  of  the  Geophysical  Laboratory,  said  that  one  of  the  most 
serious  questions  brought  out  by  the  Symposium  concerned  the  thickness  of  the 
crustal  plates  and  their  coupling  with  the  mantle.  He  suggested  that  penologists 
could  make  a  valuable  contribution  to  the  solution  of  this  question  by  fixing  the 
stability  fields  and  the  melt  regions  of  the  principal  rock  types  found  at  or  near 
the  lower  limits  of  the  plates. 

Yoder's  general  conclusion  was  that  plate  tectonics  theory  is  a  powerful  concept 
whose  problems  and  data  inconsistencies  fully  deserve  further  attention  by 
petrologists  and  geophysicists. 

Lectures  of  General  Interest 

Although  nearly  all  the  Institution's  work  is  composed  of  advanced  education, 
training,  experiment,  field  observation,  and  communication  on  an  advanced  level 
to  specialists,  some  efforts  are  directed  toward  a  more  general  audience.  Perhaps 
the  most  notable  one  is  the  scientific  lecture  given  each  year  in  May,  preceding 
the  annual  meeting  of  the  Board  of  Trustees.  It  is  attended  by  the  Trustees,  Staff 
Members,  Fellows,  and  students  at  the  Institution,  and  invited  guests  from  the 
Washington  area  scientific,  diplomatic,  and  governmental  communities. 

This  year  Professor  Carroll  M.  Williams,  Benjamin  Bussey  Professor  of  Biology 
at  Harvard  University,  was  the  lecturer.  He  gave  a  fascinating  review  of  research 
that  he  and  his  colleagues  have  conducted  on  the  chemistry  and  physiology  of 
juvenile  hormones  in  insects,  the  meaning  of  this  research  for  the  development  of 
"third  generation"  pesticides,  and  certain  theoretical  aspects  of  the  action  of 
juvenile  hormones.  Professor  Williams  suggested  that  the  juvenile  hormone  has 
little  to  do  with  detailed  instructions  to  differentiated  cells  in  insects,  but  instead 
operates  as  a  control  for  massive  gene  switching.  He  presented  a  model  of  insect 
metamorphosis  including  the  three  stages,  larva,  pupa,  and  adult,  with  a  gene 
set  corresponding  to  each.  As  long  as  a  high  titre  of  juvenile  hormone  is  present, 
the  first  gene  set  (larval  formation)  is  active,  and  the  other  two  gene  sets  remain 
inactive.  A  somewhat  lower  titre  of  juvenile  hormone  produces  activity  by  the 
second  gene  set  and  pupal  formation,  with  the  first  and  third  gene  sets  inactive. 
An  absence  of  juvenile  hormone  activates  the  third  gene  set  (adult  growth),  but 
the  first  and  second  gene  sets  are  turned  off.9 

The  juvenile  hormone  gives  a  promising  basis  for  "third  generation"  pesticides 
because  minute  quantities  absorbed  by  insects  on  contact  will  keep  them  perma- 
nently in  a  larval  stage.  The  natural  production  of  such  pesticides  is  of  great 
ecological  interest.  Conifers,  ferns,  and  other  plants  synthesize  large  quantities  of 
effective  juvenile  hormone  mimic  chemicals. 

9  C.  N.  Williams  and  F.  C.  Kafatos,  "Theoretical  Aspects  of  the  Action  of  Juvenile  Hor- 
mones," Bulletin  de  la  Societe  Entomologique  Suisse,  Vol.  44,  1971 :  1-9. 
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The  work  of  Williams  and  his  associates  appears  not  only  to  have  opened  a 
door  in  developmental  genetics,  but  also  is  certain  to  be  of  great  economic  and 
ecological  significance. 


Losses  .  .  . 

It  is  with  great  regret  that  I  report  the  retirement  from  our  Board  of  Trustees 
on  May  15, 1971,  of  two  of  its  most  distinguished  members,  Dr.  Vannevar  Bush  and 
Mr.  Robert  A.  Lovett. 


President  of  the  Institution  from  1939  to  1955,  Dr.  Bush  had  been  a  Trustee 
since  1958.  He  came  to  us  from  the  Massachusetts  Institute  of  Technology,  where 
he  had  been  Vice  President  and  Dean  of  the  School  of  Engineering.  While  he  was 
President  of  the  Institution  Dr.  Bush  also  served  his  country  during  the  Second 
World  War  as  head  of  the  National  Defense  Research  Committee,  and  later,  as 
Director  of  the  Office  of  Scientific  Research  and  Development.  A  close  advisor 
to  President  Franklin  D.  Roosevelt  in  these  capacities,  he  was  instrumental  in 
marshalling  the  forces  of  engineering  and  science  to  develop  the  technology  which 
played  such  an  important  role  in  winning  the  war.  Dr.  Bush  will  be  remembered 
long  at  the  Institution  for  his  reaffirmation  of  its  traditional  pattern  of  operations, 
his  sure  recognition  of  the  exceptional  man,  his  fertile  imagination,  and  his  inspir- 
ing professional  leadership. 


A  long-time  partner  in  the  firm  of  Brown  Brothers,  Harriman  and  Company, 
Mr.  Lovett  came  to  the  Board  in  1948.  He  served  as  United  States  Secretary  of 
Defense  from  1951  to  1953,  and  previously  had  been  Assistant  Secretary  of  War 
and  Undersecretary  of  State.  All  of  his  fellow  Board  Members  and  the  administra- 
tive officers  of  the  Institution  will  greatly  miss  his  warm  personality,  his  always 
persuasive  commentary,  and  his  impeccable  judgment. 


The  Institution  is  also  losing  a  tireless  research  worker  and  inspiring  teacher, 
Elizabeth  M.  Ramsey,  who  retired  from  the  Department  of  Embryology  on  June 
30,  1971,  after  an  association  of  37  years.  Her  research  centered  on  the  study  of 
placental  circulation,  as  observed  in  rhesus  monkeys.  Dr.  Ramsey  will  be  remem- 
bered for  her  ability  to  communicate  the  excitement  of  research  to  her  colleagues 
as  well  as  her  signal  accomplishments  in  this  field.  She  will  continue  her  academic 
career  at  the  University  of  Virginia  as  Visiting  Professor  of  Obstetrics  and 
Gynecology. 


Joseph  L.  England,  a  member  of  the  Staff  of  the  Geophysical  Laboratory  since 
1926,  also  retired  this  year.  With  F.  R.  Boyd,  he  developed  apparatus  in  which 
the  high  pressures  and  temperatures  necessary  for  the  production  of  synthetic 
diamonds  were  achieved.  His  co-workers  found  him  one  of  the  most  versatile 
members  of  the  Staff,  a  source  of  new  ideas  and  of  solutions  to  their  equipment 
problems. 
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It  is  with  deep  regret  that  I  must  report  the  deaths  of  two  former  Directors 
of  the  Institution  Departments,  a  Staff  Member,  and  a  former  Staff  Member. 


Benjamin  Boss,  Director  of  the  Department  of  Meridian  Astrometry  from 
1912  until  its  termination  in  1936,  and  author  of  the  General  Catalogue  of  33,342 
Stars,  died  October  17,  1970.  Dr.  Boss  directed  the  Dudley  Observatory  in 
Albany  from  1912  until  his  retirement  in  1956,  and  edited  the  Astronomical 
Journal  from  1912  to  1941.  He  made  many  valuable  contributions  to  the  study 
of  stellar  motion. 


Thorne  M.  Carpenter,  Director  of  the  Nutrition  Laboratory  from  1937  until 
its  termination  in  1945,  died  on  January  27,  1971.  His  work  and  that  of  the 
Laboratory  during  his  tenure  there  consisted  of  fundamental  studies  on  basal 
metabolism  and  heat  production  as  a  basis  for  determining  nutritional  require- 
ments to  meet  the  energy  needs  of  body  processes  and  muscular  activity.  He  will 
be  remembered  also  for  his  leadership  in  promoting  exchange  of  information  with 
scholars  in  other  countries. 


J.  Frank  Schairer,  Physical  Chemist  at  the  Geophysical  Laboratory  from 
1927,  died  suddenly  while  swimming  on  September  26,  1970.  He  was  noted  for 
his  precise  determination  of  crystal-liquid  equilibria  in  rock-forming  mineral 
systems.  He  is  one  of  a  small  group  of  men  who  gave  a  modern  experimental  base 
to  igneous  petrology.  His  friendly  and  generous  spirit  contributed  much  toward 
good  fellowship  among  geologists  both  home  and  abroad. 


On  March  7,  1971,  death  came  also  to  Thomas  F.  W.  Barth,  a  Staff  Member  at 
the  Geophysical  Laboratory  from  1929  to  1936,  and  a  Research  Associate  there  in 
1939-1940.  A  recognized  authority  in  the  fields  of  petrology  and  geochemistry,  he 
was  a  professor  at  the  University  of  Oslo  for  many  years.  As  president  of  the 
International  Union  of  Geological  Sciences  from  1964  to  1968,  he  strove  to 
achieve  closer  links  between  countries  and  between  the  geological  disciplines. 


.  .  .  and  Gains 

The  Board  of  Trustees  at  its  spring  meeting  elected  two  new  members,  Mr. 
William  R,  Hewlett  and  Mr.  Walter  H.  Page. 


An  electrical  engineering  graduate  of  Stanford  University,  Mr.  Hewlett  was  a 
founder  and  is  President  of  the  Hewlett-Packard  Company.  He  is  a  Fellow  of 
the  American  Academy  of  Arts  and  Sciences  and  a  member  of  both  the  National 
Academy  of  Engineering  and  the  California  Academy  of  Sciences. 


Mr.  Page,  a  graduate  of  Harvard  College,  this  year  was  named  President  of  the 
Morgan  Guaranty  Trust  Company  of  New  York;  he  was  its  Vice  Chairman 
from  1968  to  1971.  He  is  also  President  of  the  Long  Island  Biological  Association. 
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I  am  greatly  pleased  to  announce  the  following  honors  to  Staff  Members  during 
the  past  year. 


Two  of  our  members  were  recipients  of  the  National  Medal  of  Science,  the 
Federal  Government's  highest  award  for  distinguished  achievement  in  science. 
Barbara  McClintock  of  the  Genetics  Research  Unit  received  the  Medal  "for 
establishing  the  relations  between  inherited  characters  in  plants  and  the  detailed 
shapes  of  their  chromosomes,  and  for  showing  that  some  genes  are  controlled  by 
other  genes,  within  chromosomes."  Allan  Sandage  of  the  Hale  Observatories  was 
honored  "for  bringing  the  very  limits  of  the  universe  within  the  reach  of  man's 
awareness  and  unraveling  the  evolution  of  stars  and  galaxies — their  origins  and 
ages,  distances  and  destinies." 


C.  Stacy  French,  Director  of  the  Department  of  Plant  Biology,  received  the 
1971  Charles  Reid  Barnes  Life  Membership  Award  of  the  American  Society  of 
Plant  Physiologists,  "in  recognition  of  his  contributions  to  the  study  of  photo- 
synthesis and  to  the  field  of  plant  physiology  in  general." 


John  N.  Bahcall  of  the  Hale  Observatories  was  awarded  the  Helen  Warner 
Prize  of  the  American  Astronomical  Society. 


Jesse  Greenstein,  also  of  the  Hale  Observatories,  received  the  Catherine  Wolfe 
Bruce  Gold  Medal  of  the  Astronomical  Society  of  the  Pacific. 


Dean  B.  Cowie  of  the  Department  of  Terrestrial  Magnetism  received  the  Old 
Master's  Award  from  Purdue  University. 


Maarten  Schmidt  of  the  Hale  Observatories  gave  the  Halley  Lecture  at  Oxford 
University. 


Dr.   Ramsey   delivered   the   Bartholomew   Mosse   Memorial   Lecture   in   The 
Rotunda  Hospital  in  Dublin,  the  world's  oldest  maternity  hospital. 


Dr.  Sandage  was  made  an  honorary  Doctor  of  Laws  by  the  University  of 
Southern  California. 


Donald  D.  Brown  of  the  Department  of  Embryology  was  elected  a  Fellow  of 
the  American  Academy  of  Arts  and  Sciences. 


Richard  B.  Roberts  of  the  Department  of  Terrestrial  Magnetism  was  appointed 
to  the  Advisory  Board  of  the  Center  for  Advanced  Studies  of  the  University  of 
Virginia. 
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Faculty,  Fellows,  and  Students 
1970-1971 


DEPARTMENT  OF  EMBRYOLOGY 
Baltimore,  Maryland 

Director 

James  D.  Ebert 

Staff  Members 
Donald  D.  Brown 
Igor  B.  Dawid 
Robert  L.  DeHaan 
Douglas  M.  Fambrough 
Elizabeth  M.  Ramsey 
Ronald  H.  Reeder 

Fellows 

Leonard  P.  Gage 

Reiji  Hirakow 

Terence  F.  McDonald 

Ronan  O'Rahilly 

Eijiro  Ozawa 

Robert  G.  Roeder 

Howard  G.  Sachs 

Yoshiaki  Suzuki 

Ronald  F.  Swanson 

Guang-jer  Wu 

Masako  Yoshikawa-Fukada 

Assistant  Investigators 
Robert  J.  Hay 
Charles  W.  Orr 
John  E.  Rash 

Students 

John  W.  Chase 
John  0.  Dunning 
Paul  S.  Fishman 
H.  Criss  Hartzell,  Jr. 
Dennis  E.  Leister 
Craig  H.  Paul 
Ronald  L.  Poland 
Ralph  H.  Stern 
Pieter  C.  Wensink 

Student  Assistarits 
Philip  Hodge 
Nancy  Kolzak 
Barbara  Mann 
Donna  S.  Minor 
Laureen  E.  Pepersack 
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GENETICS  RESEARCH  UNIT 

Cold  Spring  Harbor 
Long  Island,  New  York 

Director 

Alfred  D.  Hershey 

Distinguished  Service  Member 
Barbara  McClintock 

Fellows 

Shraga  Makover 
David  H.  Parma 
Irwin  Rubenstein 


GEOPHYSICAL  LABORATORY 
Washington,  D.C. 

Director 

Philip  H.  Abelson  1 

Staff  Members 
Peter  M.  Bell 
Francis  R.  Boyd,  Jr. 
Felix  Chayes 
Gordon  L.  Davis 
Gabrielle  Donnay 
Joseph  L.  England 
Larry  W.  Finger 
P.  Edgar  Hare 
Thomas  C.  Hoering 
Thomas  E.  Krogh 
G.  Kullerud  2 
Donald  H.  Lindsley 
J.  Frank  Schairer 
David  Virgo 
Hatten  S.  Yoder,  Jr. 

Emeritus  Research  Associate 
Emanuel  G.  Zies 

Senior  Fellows 
Wilfred  B.  Bryan 
Brian  G.  J.  Upton 

Postdoctoral  Fellows 
Donald  M.  Burt 
Robert  M.  Cassie 
John  S.  Dickey,  Jr. 
Stephen  E.  Haggerty 

'To  June  30,  1971. 

2  To  December  31,  1970. 
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Albrecht  W.  Hofmann 
Ho-Kwang  Mao 
James  M.  Mattinson 
Michael  G.  Raymond 
Douglas  Rumble 
Douglas  Smith 
Lawrence  A.  Taylor 
Willy  Viaene 

Predoctoral  Fellows 
Kenneth  L.  Cameron 
Maryellen  Cameron 
Joseph  V.  Chernosky,  Jr. 
Kenneth  King,  Jr. 
Donald  J.  Misener 
John  F.  Wehmiller 


HALE  OBSERVATORIES 

Pasadena,  California 

Director 

Horace  W.  Babcock 

Associate  Director 
J.  Beverley  Oke 

Distinguished  Service  Member 
Ira  S.  Bowen 

Staff  Members 
Halton  C.  Arp 
Edwin  W.  Dennison 
Jesse  L.  Greenstein 
James  E.  Gunn 
Robert  F.  Howard 
Jerome  Kristian 
Robert  B.  Leighton 
Guido  Munch 
Gerry  Neugebauer 
George  W.  Preston  III 
Bruce  H.  Rule 
Allan  R.  Sandage 
Wallace  L.  W.  Sargent 
Leonard  T.  Searle 
Maarten  Schmidt 
Arthur  H.  Vaughan,  Jr. 
Olin  C.  Wilson 
Harold  Zirin 


Staff  Members  (Post-Retirement) 
Alfred  H.  Joy 
Henrietta  H.  Swope 
Fritz  Zwicky 
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Research  Associate 
Gustav  A.  Tammann 

Staff  Associates 
John  N.  Bahcall 
Eric  E.  Becklin 
Andrew  P.  Ingersoll 
James  A.  Westphal 

Fellows 

David  A.  Allen 
Arvind  Bhatnagar 
J.  David  Bohlin 
David  R.  Branch 
Peter  Foukal 
A.  R.  Hyland 
Christopher  F.  McKee 
Jay  M.  Pasachoff 
Michael  V.  Penston 
Deane  M.  Peterson 
Stephen  W.  Prata 
William  J.  Quirk 
Jean  Pierre  Swings 
Spencer  R.  Weart 
Richard  E.  White 
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COMPARATIVE     MOLECULAR     STRUCTURE     AMONG 

RELATED     PHAGE     DNA'S 

A.  D   Hershey 


Much  of  the  work  at  the  Genetics  Re- 
search Unit  in  recent  years  has  been  de- 
voted to  the  structure  of  DNA  of  phage 
A.  The  main  facts  brought  to  light  may 
be  summarized  as  follows.  The  DNA 
extracted  from  each  phage  particle  is  a 
linear  double  helix  of  molecular  weight  31 
million  (Hershey  and  Burgi,  1963).  The 
molecules  are  uniform  and  terminate  in 
cohesive  sites  that  permit  formation  of 
rings  and  chains  (Hershey,  Burgi,  and 
Ingraham,  1963).  Strack  and  Kaiser 
(1965)  and  Wu  and  Kaiser  (1967) 
showed  that  the  cohesive  ends  are  short, 
complementary  single  strands.  The  right 
cohesive  end  consists  of  the  12-nucleotide 
sequence  reading,  from  left  to  right, 
CCCGCCGCTGGA  (Wu  and  Taylor, 
1971).  The  left  cohesive  end  is  the  anti- 
parallel  complement;  that  is,  when  the 
ends  of  a  molecule  pair,  the  result  is  a 
simple  double-helical  ring  without  single- 
strand  gaps.  The  molecules  consist  of 
several  segments  differing  in  nucleotide 
composition  (Skalka, Burgi,  and  Hershey, 
1968).  Phage  races  able  to  form  hybrid 
recombinants  with  A  have  DNA's  that 
show  both  resemblances  to  and  differences 
from  A  DNA  in  nucleotide  distribution 
(Skalka,  1971) .  All  possess  cohesive  ends 
of  the  A  type  (Yamagishi  et  al.,  1965; 
Baldwin  et  al.,  1966).  Such  phages  form 
a  natural  group  that  may  be  called  the 
A  family. 

Phages  belonging  to  the  A  family  can 
multiply  in  bacterial  cells  either  as 
viruses,  or  as  prophages  occupying  a 
characteristic  site  in  the  bacterial  chro- 
mosome. The  viral  mode  of  growth  re- 
quires autonomous  replication  of  phage 
DNA,  packaging  of  the  DNA  into  phage 
particles,  and  lysis  of  the  cells  to  release 
the  particles.  The  prophage  mode  of 
growth  requires  insertion  of  phage  DNA 
into  the  bacterial  chromosome  and  con- 


tinued cell  division,  in  the  course  of  which 
the  prophage  is  replicated  passively.  The 
two  modes  of  replication  are  mutually 
exclusive.  Both  depend  on  ring  forma- 
tion. The  nature  of  the  dependence  is 
particularly  clear  in  the  transition  from 
phage  to  prophage.  The  transition  is 
brought  about  by  a  single  reciprocal  re- 
combination between  phage  DNA  in  its 
ring  form  and  the  bacterial  chromosome. 
The  recombination  occurs  at  specific  sites 
in  both  DNA's  and  thus  has  two  effects: 
it  generates  a  particular  cyclic  permuta- 
tion of  gene  order  in  the  phage  DNA,  and 
inserts  the  prophage  at  a  characteristic 
site  in  the  bacterial  chromosome.  Figure 
1  shows  the  linear  molecular  map  of  A 
DNA.  To  form  the  prophage,  the  molec- 
ular ends  are  joined,  and  the  DNA  is  cut 
at  the  point  labeled  "prophage  ends"  in 
the  figure. 

Besides  possession  of  like  cohesive  ends 
and  ability  to  form  hybrid  recombinants, 
phages  of  the  A  family  show  other  evi- 
dences that  their  DNA  molecules  are 
functionally  homologous.  Nevertheless, 
their  genes  are  not  individually  inter- 
changeable. Two  examples  will  illustrate 
this  relationship. 

First,  phages  A,  </>80,  and  21,  whose 
prophages  occupy  different  sites  in  the 
bacterial  chromosome,  differ  from  each 
other  in  two  other  respects:  DNA  struc- 
ture in  the  vicinity  of  the  prophage  ends, 
and  the  structure  of  a  gene  {int)  whose 
product  catalyzes  prophage  insertion. 
(The  gene  int  lies  just  to  the  right  of  the 
prophage  ends.)  On  the  other  hand, 
phages  A,  434,  and  82  occupy  the  same 
bacterial  site  and  are  alike  in  the  other 
respects  mentioned. 

Second,  phages  belonging  to  the  A 
group  owe  their  stability  as  prophages  to 
a  protein,  called  repressor,  that  prevents 
independent  viral  growth.    In  A,  the  re- 
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pressor  gene  and  the  sites  ("operators") 
at  which  the  repressor  acts  lie  in  the 
longer  "regulation"  segment  of  the  map 
of  Fig.  1.  Other  members  of  the  A  family 
also  make  repressors,  but  their  repressors 
often  differ  in  specificity  of  action  from 
that  of  A.  Phages  whose  repressors  differ 
must  differ  at  least  in  their  repressor 
genes  and  the  corresponding  operators. 
All  the  phages  listed  in  Fig.  1  differ  in 
the  DNA  segment  containing  these  ele- 
ments (and  called  the  immunity  region). 
Distinct  phage  races  with  identical  im- 
munity regions  can  be  found  too,  but 
they  haven't  been  studied  much  (Parkin- 
son, 1971). 

Davidson  and  Szybalski  and  their  col- 
leagues (citations  in  the  legend  of  Fig.  1) 


have  developed  methods  that  enable 
them  to  map  genes  with  new  precision 
and  at  the  same  time  delineate  nucleo- 
tide-sequence  homology  among  related 
phage  DNA's.  Because  of  its  general 
interest,  some  of  their  work  will  be  sum- 
marized here.  More  complete  informa- 
tion can  be  found  in  The  Bacteriophage 
Lambda,  published  by  the  Cold  Spring 
Harbor  Laboratory  in  1971. 

In  the  procedure  mentioned,  the  ex- 
perimenter forms  "heteroduplex"  DNA 
structures  by  allowing  DNA  strands  of 
one  kind  to  pair  with  potentially  com- 
plementary strands  of  a  second  kind,  and 
examines  the  product  in  an  electron 
microscope.  Under  suitable  conditions, 
heteroduplexes  show  double-helical  seg- 
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Fig.  1.  Homology  between  \  DNA  and  the  DNA's  of  several  related  phages.  The  tipper  map 
shows  the  distribution  of  genes  in  X  DNA  molecules.  "Head"  genes  are  involved  in  packaging 
DNA  into  phage  particles.  "Tail"  genes  are  necessary  to  make  the  particles  infective.  At  least 
three  "blank"  regions,  containing  no  genes  with  essential  functions,  are  visible.  One  of  them  is 
labeled  because  it  is  known  to  be  dispensable  in  deletion  mutants.  The  "prophage  ends"  are  ex- 
plained in  the  text.  Numbers  of  genes  in  each  segment  are  indicated  below  the  line.  The  shaded 
rectangles  in  the  four  lower  lines  delineate  segments  in  X  DNA  that  match  with  respect  to 
nucleotide  sequence  corresponding  segments  in  DNA's  of  the  four  phages  identified  at  the  left. 
(Data  from  papers  by  Davidson  and  Szybalski;  Simon,  Davis,  and  Davidson;  and  Fiandt, 
Hradecna,  Lozeron,  and  Szybalski;   in  The  Bacteriophage  Lambda.) 
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ments  where  the  two  DNA  strands  are 
complementary  in  nucleotide  sequence, 
and  single-stranded  loops  where  they  are 
not.  On  a  statistical  basis,  measurements 
of  the  lengths  and  positions  of  comple- 
mentary segments  prove  remarkably 
accurate. 

The  scale  of  the  genetic  map  shown  in 
Fig.  1  was  worked  out  in  this  way  chiefly 
by  use  of  heteroduplexes  involving  dele- 
tion mutants.  The  other  results  shown  in 
the  figure  refer  to  heteroduplexes  formed 
from  pairs  of  different  bacteriophage 
races. 

The  figure  shows  that  the  five  races 
chosen  for  study  possess  few  DNA  seg- 
ments common  to  the  group  (except  for 
the  cohesive  ends,  which  require  other 
methods  of  detection).  On  the  other 
hand,  all  pairs  of  DNA's  show  common 
segments.  Moreover  (though  this  is  not 
evident  in  the  figure)  the  common  seg- 
ments lie  at  corresponding  positions  in 
both  members  of  the  pair.  Only  regions 
of  perfect  duplex  formation  are  shown 
in  the  figure.  In  addition,  a  few  segments, 
notably  the  left  end  of  DNA  from  phage 
21,  form  imperfect  helices  with  A  DNA, 
presumably  owing  to  imperfectly 
matched  nucleotide  sequences.  Finally, 
segments  of  two  phages  that  differ  from 
A  may  resemble  each  other.  For  example, 
phages  434  and  82  are  identical  in  their 


"blank"  regions  as  well  as  in  their  left 
halves. 

A  number  of  correlations  between  nu- 
cleotide sequence  and  function  can  be 
made.  For  example,  all  the  DNA's  men- 
tioned differ  from  A  (and  presumably 
from  one  another)  in  their  immunity 
regions,  as  expected  since  all  the  phages 
have  different  repressors.  Also,  DNA's 
of  phages  434  and  82,  but  not  21  or  $80, 
resemble  A  in  their  prophage  ends.  Here 
the  functional  correlate  is  site  of  inser- 
tion of  prophage:  identical  for  A,  434,  and 
82;  unique  for  21  and  $80. 

One  conclusion  seems  clear:  that  the 
several  races  were  derived  from  still  other 
races  by  reassortment  of  unlike  segments. 
What  is  not  so  clear  is  the  evolutionary 
mechanism  by  which  DNA  molecules  are 
permitted  to  diversify  locally  while  pre- 
serving their  overall  functional  homol- 
ogy. Presumably  both  the  diversity  and 
the  capacity  to  form  hybrid  recombinants 
have  served  a  joint  evolutionary  purpose. 
DNA  segments  brought  in  from  outside 
the  A  family  by  illegitimate  recombina- 
tion may  have  played  a  dominant  role  in 
the  family  history  (N.  Franklin,  see  book 
cited).  That  hypothesis  may  be  needed 
anyway  to  explain  the  differing  average 
nucleotide  composition  of  the  various 
DNA  segments  (Skalka,  Burgi,  and  Her- 
shey,  1968). 


THE     CONTRIBUTION     OF     ONE     COMPONENT 

OF     A     CONTROL     SYSTEM     TO     VERSATILITY 

OF     GENE     EXPRESSION 

Barbara  McClintock 


Previous  reports  and  publications  have 
presented  evidence  of  the  extraordinary 
versatility  of  the  Spm  (Suppressor-muta- 
tor)  system  in  regulating  gene  action  dur- 
ing development  of  the  maize  plant.  The 
most  revealing  information  comes  from 
studies  of  those  genes  whose  function  is 
required  for  production  of  anthocyanin 
pigment,  because  this  pigment  can  be 
produced  in  most  parts  of  the  plant  and 
also  because  it  is  not  required  for  cell 
viability.   The  pigment  appears  in  many 


strains  of  maize,  and  in  any  one  plant  its 
distribution  to  the  various  parts  is  genet- 
ically controlled.  The  controls  regulate 
whether  or  not  pigment  will  be  produced 
in  any  particular  tissue,  its  intensity  if 
produced,  and  the  patterns  of  distribution 
within  a  tissue  should  the  pigment  not 
be  uniformly  distributed.  Genetic  con- 
trol of  distribution  and  intensity  was 
recognized  in  early  studies  with  maize, 
conducted  before  those  that  revealed  the 
presence  of  regulatory  components  asso- 
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ciated  with  structural  genes.  Alleles  of 
individual  loci  were  identified,  each  of 
which  can  specify  distinctive  patterns  of 
pigment  distribution  and  intensity,  and 
these  alleles  were  isolated  in  maize  de- 
rived from  various  sources.  Phenotypic 
expressions  attributable  to  the  yet  un- 
known control  systems  associated  with 
these  alleles  resemble  those  resulting 
from  some  "states"  of  a  locus  under  the 
control  of  a  known  regulatory  system.  In 
other  words,  alleles  isolated  from  natural 
populations  and  those  selectively  isolated 
during  investigations  of  known  control 
systems  may  express  similar  properties. 

Studies  in  recent  years  by  many  in- 
vestigators have  emphasized  the  com- 
plexities of  operation  of  regulatory  sys- 
tems that  function  during  development 
of  eukaryotic  organisms.  Some  of  these 
systems  may  regulate  gene  action  in 
much  the  same  manner  as  the  Spm  sys- 
tem. That  system  is  able  to  control  the 
action  of  a  number  of  different  genes, 
either  in  similar  or  in  different  ways  and 
at  similar  or  different  stages  of  develop- 
ment. Its  versatility  is  impressive  and 
instructive.  Such  systems  may  function 
not  only  to  direct  differentiation  within 
individuals  of  a  species  but  also  to  pro- 
vide some  of  the  genetic  diversity  respon- 
sible for  the  origin  of  new  forms.  In  this 
event,  new  origins  should  be  related  more 
closely  to  the  operation  of  regulatory 
systems  than  to  alterations  in  the  com- 
position of  the  structural  genes  them- 
selves. The  system  could  redirect  the 
time  during  development  when  particular 
genes  will  act,  the  cells  of  a  tissue  within 
which  they  can  act,  the  quantity  of  their 
products  in  any  one  cell,  and  the  com- 
ponents with  which  the  products  may  be 
associated. 

It  is  now  well  recognized  that  the 
genomes  of  most  organisms  have  many  of 
the  same  basic  operational  tools:  the 
same  kinds  of  enzymes,  the  same  cellular 
structures  with  the  same  functions,  and 
the  same  overall  gene  products  required 
to  build  and  maintain  these  structures. 
The  differences  between  organisms,  there- 


fore, must  reflect  to  a  large  extent  differ- 
ences in  regulation  of  their  genomes. 
This  view  leads  to  the  conclusion  that 
most  genomes  are  potentially  capable  of 
constructing  many  distinctively  differ- 
ent forms,  and  in  some  organisms  they 
do  just  that.  Witness  the  caterpillar  and 
the  moth:  they  share  the  same  genome. 
Polymorphism  associated  with  mimicry 
within  a  species  also  reflects  such  shar- 
ing. Certainly  some  examples  of  mimicry 
in  plants  and  animals  illustrate  the  ex- 
traordinary range  of  genome  versatility. 
Indeed,  the  very  fact  that  one  genome 
within  a  eukaryotic  individual  can  give 
rise  to  so  many  different  organs,  and  also 
to  so  many  distinctive  types  of  cells,  is 
implicit  evidence  of  the  potential  range 
of  expression  of  a  single  genome. 

The  operation  of  just  one  regulatory 
system  in  maize  can  provide  a  wide  range 
of  control  of  gene  expression.  The  action 
of  only  two  heritable  units,  or  elements, 
is  required  to  accomplish  these  diverse 
expressions.  This  fact  suggests  that  the 
basic  mechanisms  responsible  for  such 
control  may  not  be  complicated  in  them- 
selves. In  many  instances  a  single  event 
occurring  to  an  element  alters  the  time, 
the  type,  and  the  pattern  of  gene  action. 
Yet  the  effect  of  some  of  these  events  is 
reversed  at  particular  stages  in  develop- 
ment, or  the  element  may  undergo  a 
sequence  of  subsequent  events,  each  of 
which  conditions  gene  action  in  a  specific 
manner. 

It  is  reasonable  to  suppose  that  con- 
trol systems  resembling  those  explored 
in  maize  also  operate  in  other  eukaryotic 
organisms.  With  this  in  mind,  the  present 
report  will  review  and  illustrate  one 
aspect  of  the  operation  of  a  system  in 
maize.  It  is  based  on  an  extended  series 
of  studies,  recently  completed,  of  changes 
in  the  action  of  one  component  of  a  con- 
trol system;  and  it  will  consider  the  re- 
sponses given  to  these  changes  by  only 
one  "state"  of  a  gene  locus.  This  is  the 
class  II  state  of  a2m~1,  initially  reported 
in  Year  Book  57  and  Year  Book  58.  It  is 
a  very  useful  state  for  examination  of 
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types  of  activity,  and  changes  in  activity, 
relating  to  the  suppressor  or  inhibitor 
component  of  Spm  ( component- 1,  dis- 
cussed in  Year  Book  64) .  When  this 
component  is  active,  gene  expression  at 
the  a-™'1  locus  (A2,  anthocyanin)  is  in- 
hibited; when  it  is  inactive,  gene  expres- 
sion is  intense,  resembling  that  induced 
in  plant  and  kernel  by  the  standard  A2 
locus.  It  is  important  to  emphasize  that 
this  state  of  a2m~1  does  not  respond  to  the 
"mutator"  component  of  Spm  (compo- 
nents) as  do  so  many  other  states.  No 
heritable  alterations  have  been  noted 
that  would  modify  its  subsequent  expres- 
sion either  in  the  presence  or  in  the  ab- 
sence of  an  active  Spm  element.  Con- 
sequently, within  a  plant  or  kernel,  the 
distinctive  patterns  of  pigmentation,  and 
the  modifications  of  pattern  that  may  be 
clonally  exhibited,  reflect  the  action  of 
the  Spm  element  and  the  changes  in  ac- 
tion that  it  undergoes.  The  responses  of 
the  class  II  state  of  a2m'1  are  direct  and 
uncomplicated,  yet  they  are  capable  of 
providing  many  different  phenotypes.  We 
shall  consider  these  phenotypes  and  the 
changes  in  Spm  action  that  are  responsi- 
ble for  their  appearance. 

To  orient  the  discussion,  we  may  ob- 
serve the  phenotypes  of  kernels  on  the 
segment  of  ear  shown  in  Fig.  2A.  The 
ear  was  produced  by  a  plant  that  was 
homozygous  for  the  standard  recessive 
allele  of  A2  in  chromosome  5,  designated 
a2.  Plants  and  kernels  homozygous  for 
a2  do  not  produce  anthocyanin  pigment, 
and  this  allele  does  not  respond  to  Spm; 
no  known  change  occurs  at  the  a2  locus 
in  the  presence  of  an  active  Spm  element. 
In  addition,  the  plant  was  homozygous 
for  wxm~8  in  chromosome  9,  an  allele  of 
the  Wx  locus.  (Wx,  amylose  starch  in  cells 
of  the  gametophyte  and  the  endosperm; 
wx,  waxy,  standard  recessive,  no  amy- 
lose starch  produced  in  these  tissues.) 
The  action  of  wxm~8  is  under  the  control 
of  the  Spm  system.  When  an  Spm  ele- 
ment with  active  component- 1  and  com- 
ponents is  present  in  plant  or  kernel, 
the  controlling  element  at  the  locus  of 


wxm~8  can  respond  to  it  by  undergoing 
a  somatically  occurring,  heritable  modi- 
fication that  releases  inhibition  of  gene 
action.  The  gene  is  then  potentially  ac- 
tive in  descendants  of  cells  in  which 
such  an  event  occurs,  but  can  be  ex- 
pressed only  in  the  cells  of  the  gameto- 
phyte and  in  those  of  the  endosperm. 
When  such  events  occur  during  develop- 
ment of  the  endosperm,  the  clones  of 
descendent  cells  are  readily  recognized — 
sometimes  visually,  if  the  clones  are 
large,  because  of  altered  light  reflection, 
or  quite  accurately  by  means  of  the  blue 
coloration  shown  by  the  amylose  starch 
upon  exposure  to  an  I-KI  solution. 

The  ear-producing  plant  had  no  active 
Spm,  and  thus  no  changes  occurred  at 
the  locus  of  wxm~s  during  the  period  when 
the  ear  was  being  formed.  The  kernels 
on  this  ear,  however,  were  produced  after 
the  silks  received  pollen  from  a  plant 
having  the  constitution  a2m~1/a2',  wx/wx 
and  also  one  Spm  not  linked  with  either 
a2m"1  or  a2.  When  initially  introduced 
into  the  primary  endosperm  nucleus,  both 
components  of  Spm  must  in  most  in- 
stances have  been  in  an  active  phase. 
This  was  revealed  by  the  ratio  of  kernel, 
types  on  the  ear  and  by  the  responses  of 
wxm~8  and  a^1'1  to  Spm  during  subse- 
quent endosperm  development. 

Half  of  the  kernels  on  the  ear,  shown 
partially  in  Fig.  2A,  should  have  received 
the  a2  allele  from  the  pollen  parent  and 
therefore  should  be  homozygous  for  this 
allele.  Their  aleurone  layer  should  be 
colorless.  Half  of  these,  in  turn,  could 
have  received  (and  did  in  fact  receive) 
the  active  Spm  from  the  pollen  parent. 
Such  kernels  are  recognized  by  the  pres- 
ence of  clones  of  cells  containing  amylose 
starch,  initiated  by  responses  of  wxm~8 
to  component-2  of  the  introduced  Spm 
element.  The  other  half  of  the  kernels  on 
the  ear  should  have  received  a2m'x  from 
the  pollen  parent.  Those  lacking  an  ac- 
tive Spm  should  have  the  aleurone  layer 
uniformly  and  deeply  pigmented.  Those 
that  received  active  Spm  should  have 
pigment   production   suppressed    in   this 
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layer  except  when  changes  in  Spm  activ- 
ity, occurring  in  some  cells  during  endo- 
sperm development,  allowed  pigment  to 
be  produced.  Clones  derived  from  such 
cells,  terminating  in  the  aleurone  layer, 
are  easily  recognized  as  pigmented  spots. 

In  the  ear  section  shown  in  the  photo- 
graph, each  kernel  in  five  adjacent  rows 
may  readily  be  placed  in  one  of  three 
classes  according  to  pigment  expression. 
Twenty-nine  kernels  are  totally  colorless, 
fourteen  are  uniformly  and  deeply  pig- 
mented, and  fourteen  have  many  specks 
and  some  spots  of  deep  pigment  in  a 
colorless  background.  The  kernels  in  the 
latter  two  classes  received  a2m"1  from  the 
pollen  parent,  and  the  spotted  kernels  are 
the  ones  that  received  both  a2ml  and  an 
active  Spm.  These  constitutions  are  veri- 
fied by  the  fact  that  none  of  the  totally 
pigmented  kernels  has  any  Wx  clones, 
whereas  all  the  spotted  kernels  have  such 
clones.  The  observed  ratio  of  kernel 
phenotypes  is  that  expected  from  the 
known  constitutions  of  the  two  parents. 
All  the  other  kernels  on  the  ear — with  the 
exception  of  several  that  commenced  de- 
velopment with  an  inactive  Spm  and 
whose  phenotype  will  be  considered  later 
— have  phenotypes  similar  to  those 
shown  in  the  photograph,  and  the  ratio 
also  is  the  same. 

It  may  be  noted  that  the  kernels  re- 
ceiving a*/*1'1  and  an  active  Spm  have 
similar  patterns  of  pigment  distribution 
in  the  aleurone  layer.  Patterns  of  this 
type  are  distinguished  first  by  closely 
spaced,  small  spots  in  a  colorless  back- 
ground, and  second  by  the  presence  in 
most  kernels  of  large  pigmented  areas 
and  of  other  well-defined  areas  contain- 


ing relatively  few,  widely  spaced  specks 
of  pigment.  In  many  of  the  kernels, 
these  two  contrasting  areas  are  located 
adjacent  to  each  other.  It  is  probable 
that  many  of  them  arose  from  an  early- 
occurring  transposition  of  Spm  that  re- 
sulted in  its  loss  from  one  cell  and  inclu- 
sion in  the  sister  cell.  A  large,  fully  pig- 
mented area  in  the  aleurone  layer  would 
be  formed  by  descendants  of  the  cell  that 
had  lost  Spm,  and  in  the  underlying 
starch-bearing  cells  no  subclones  having 
modified  action  of  wxm~8  should  be  found. 
Cells  of  the  adjacent  area  would  have 
descended  from  the  one  that  received  the 
transposed  Spm  and  thus  contained  an 
extra  Spm  element.  It  will  be  shown  in 
the  following  section  that  areas  of  the 
aleurone  layer  derived  from  such  cells 
are  expected  to  have  the  observed  pig- 
mentation patterns.  It  should  be  stressed, 
however,  that  events  other  than  trans- 
position of  Spm  are  known  to  give  rise  to 
uniform  deep  pigmentation,  or  a  lightly 
speckled  pattern  of  pigmentation,  in  the 
aleurone  layer.  These  will  be  considered 
later. 

Relation  of  Dose  of  Spm  to  Pattern  of 

Pigmentation  with  the  Class  II 

State  of  a2m_1 

In  plants  and  kernels  having  the  class 
II  state  of  a-2m'1  and  an  identifiable  Spm 
element  or  elements,  various  distinctive 
patterns  of  pigment  distribution  appear. 
Because  pigment  will  be  produced  in  a 
cell  only  when  there  is  no  activity  of 
component- 1  of  Spm,  these  patterns  must 
reflect  events  that  control  the  expression 
of  that  component  in  different  cells  dur- 
ing development  of  plant  or  kernel.  Two 


Fig.  2.  A.  Kernels  in  a  segment  of  an  ear  of  a  plant  (8720-8)  that  was  homozygous  for  a2  and 
for  wx'"~s  and  had  no  detectable  Sp?n,  produced  when  silks  of  this  ear  received  pollen  from  a  plant 
(8734D-3)  having  the  constitution  a2m~1  (class  II  state) /a2;  wx/wx,  and  one  Spm  with  active  com- 
ponents-1  and  -2.  The  totally  colorless  kernels  are  homozygous  for  the  a2  allele.  The  kernels  with 
pigment  in  the  aleurone  layer  received  a2"1"1  from  the  pollen  parent.  Those  with  spots  and  specks 
of  pigment  in  a  colorless  background  also  received  an  active  Spm  element  from  this  parent.  B. 
All  the  pigmented  kernels  that  appeared  on  a  self-pollinated  ear  of  a  plant  (8735E-5)  having  the 
constitution  a™'1  (class  II  state) I a2;  +  Wx / active-Spm  wx.  Kernels  in  the  upper  right  quadrant 
are  wx  in  phenotype;  those  in  the  remaining  three  quadrants  are  Wx.  The  fully  pigmented  ker- 
nels have  no  active  Spm.  The  heavily  spotted  kernels  exhibit  the  "1  Spm"  pattern,  whereas  those 
with  some  small  spots  or  only  a  few  specks  of  pigment  have  a  "2  Spm"  or  "3  Spm"  pattern. 
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main  types  of  event  are  known  to  accom- 
plish this.  One  is  transposition  of  an 
active  Spin,  as  outlined  in  the  previous 
section.  This  event  is  controlled  by  com- 
ponents of  Spm,  but  will  not  occur  unless 
component- 1  also  is  active.  Component-2 
is  the  "mutator"  component  of  the  Spm 
system,  inducing  heritable  modifications 
of  the  elements  of  the  system  that  are 
incorporated  at  various  gene  loci,  as  well 
as  transposition  of  these  elements  and 
also  transposition  of  the  regulator  ele- 
ment Spin  itself.  As  stated  earlier,  the 
class  II  state  of  a2m'1  is  unique  in  that  it 
does  not  respond  to  component-2.  This 
component  undergoes  quite  specific  types 
of  modification,  recognized  by  changes  in 
the  time  or  frequency  of  occurrence  of 
transpositions.  Some  of  the  patterns  pro- 
duced by  Qowrl  reflect  such  changes. 

The  second  kind  of  event  occurring 
to  the  Spm  element  and  affecting  patterns 
of  pigmentation  involves  change  in  phase 
of  activity  of  its  component- 1,  from  ac- 
tive to  inactive  and  back  to  active,  with- 
out an  associated  change  in  location.  The 
time  and  frequency  of  occurrence  of  the 
phase  changes  reside,  to  a  large  extent, 
in  the  Spm  element  itself,  and  their  con- 
trol appears  to  be  reset  with  each  change. 
Thus,  the  pigmentation  patterns  observed 
in  plants  and  kernels  having  the  class  II 
state  of  a2m'1  relate  basically  to  condi- 
tions that  regulate  the  occurrence  of 
these  two  distinctly  different  types  of 
events  involving  Spm — its  transposition, 
and  change  in  phase  of  activity  of  its 
component- 1.  If  more  than  one  Spm  ele- 
ment is  present,  the  patterns  reflect  the 
events  affecting  each.  Therefore  the 
number  of  Spm  elements  initially  intro- 
duced into  a  plant  or  into  the  endosperm 
of  a  kernel,  and  the  changes  in  number 
that  may  subsequently  occur,  are  effec- 
tive means  of  modulating  pigmentation 
patterns,  as  is  illustrated  by  the  pheno- 
types  of  the  kernels  shown  in  Fig.  2B. 

These  kernels  have  either  uniform  pig- 
mentation or  pigmented  spots  (many  or 
few)  in  a  colorless  background.  They 
were  produced  on  the  self-pollinated  ear 


of  a  plant  having  the  constitution  a2m'1/ 
<32i  +  Wx/ active- Spm  wx.  Only  one 
identifiable  Spm  element  was  present  in 
the  plant,  and  it  was  closely  linked  with 
the  wx  allele.  In  addition  to  the  245 
kernels  shown  in  the  photograph,  there 
were  106  totally  colorless  kernels,  of 
which  85  were  Wx  and  21  wx.  In  the 
photograph,  the  kernels  are  arranged  first 
with  regard  to  the  Wx  and  wx  pheno- 
types,  and  then  according  to  pigment 
expression  in  the  aleurone  layer  within 
each  of  the  two  classes.  All  64  kernels  in 
the  quadrant  at  upper  right  have  the  wx 
phenotype.  The  kernels  in  the  other  three 
quadrants  are  Wx,  and  64  of  them  are 
uniformly  pigmented  (upper  left).  The 
remaining  117  Wx  kernels  have  pig- 
mented spots  in  a  colorless  background, 
but  the  patterns  obviously  are  not  all 
alike.  The  kernels  in  the  lower  right 
quadrant  have  many  spots  of  pigment, 
some  of  them  large.  Most  of  the  kernels 
in  the  group  at  lower  left  have  smaller 
spots,  and  a  few  have  only  several  very 
small  specks  of  pigment. 

The  assumed  ratio  of  Spm  constitu- 
tions initially  present  in  the  endosperm 
of  the  kernels  in  the  photograph  would 
be  1  with  no  Spm  :  1  with  one  Spm  :  1 
with  two  Spm  :  1  with  three  Spm.  This 
ratio  relates  to  the  three  sets  of  chromo- 
somes introduced  into  the  primary  endo- 
sperm nucleus,  two  sets  from  the  female 
gametophyte  and  one  set  from  the  male 
gametophyte  (pollen  grain).  The  anti- 
cipated ratio  with  regard  to  the  Wx 
alleles  is  1  Wx  /Wx/Wx:  1  Wx/Wx/wx: 
1  Wx/wx/wx  :  1  wx/wx/wx.  The  rela- 
tively close  linkage  of  Spm  with  the  wx 
allele  in  the  parent  plant  should  distrib- 
ute the  Spm  element  in  close  accordance 
with  this  ratio.  The  kernels  on  the  ear 
should  reveal  this  relationship,  provided 
that  no  early-occurring  transpositions  or 
inactivations  of  Spm  occurred  in  the  plant 
to  effectively  alter  expected  gametic  ra- 
tios with  respect  to  Spm  constitution  or 
activity.  Such  events  did  not  occur  to  any 
distorting  extent,  as  the  ratio  of  kernel 
phenotypes  indicates.    Of  the  66  kernels 
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that  are  uniformly  pigmented  (no  evidence 
of  Spm),  64  are  Wx  and  2  are  wx  (the  two 
kernels  at  the  right  in  the  wx  quadrant) . 
The  60  kernels  in  the  lower  right  quad- 
rant have  a  "1  Spm"  pattern  of  pigmen- 
tation. Most  of  those  in  the  lower  left 
quadrant  have  a  "2  Spm"  pattern.  The 
several  kernels  with  only  a  few  tiny  pig- 
mented specks  exhibit  a  "3  Spm"  pattern. 
The  majority  of  kernels  in  the  wx  quad- 
rant (upper  right)  exhibit  this  "3  Spm" 
pattern.  Nine  kernels,  however,  placed 
in  the  upper  part  of  the  quadrant,  have  a 
typical  "1  Spin"  pattern,  and  seven 
others  adjacent  to  them  show  the  u2 
Spm"  pattern. 

This  classification  for  Spm  constitu- 
tions was  confirmed  by  several  kinds  of 
test.  In  one  test,  pollen  of  the  plant  was 
used  not  only  for  self-pollination  but 
also  in  a  cross  similar  to  that  which  pro- 
duced the  kernels  shown  in  Fig.  2A.  Only 
one  Spm  is  expected  to  be  present  in  most 
of  the  pollen  grains  that  carry  it.  There- 
fore most  of  the  spotted  kernels  should 
exhibit  the  "1  Spm"  pattern,  and  in  tests 
of  a  number  of  plants  this  expectation 
was  fulfilled.  Another  test  utilized  a 
second  ear  of  the  plant.  Its  silks  received 
pollen  from  a  plant  that  was  homozygous 
for  the  class  II  state  of  a?™'1  and  also 
for  wx  but  did  not  have  an  identifiable 
Spm  element.  From  such  a  cross,  all  or 
nearly  all  kernels  that  received  an  active 
Spm  should  show  the  "2  Spm"  pattern, 
and  linkage  of  this  Spm  with  the  wx 
phenotype  should  be  sharply  expressed. 
Again,  the  expected  relationships  were 
observed.  (Occasionally  on  such  ears, 
one  or  several  kernels  appear  that  exhibit 
the  "1  Spin"  pattern  or  a  high-dose  Spm 
pattern.  Most  of  these  aberrant  pheno- 
types  are  related  to  transpositions  of 
Spm  that  occur  either  during  develop- 
ment of  the  female  gametophyte,  allow- 
ing entrance  of  only  one  Spm  into  the 
primary  endosperm  nucleus,  or  at  an 
earlier  stage,  providing  the  female  game- 
tophyte with  extra  Spm  elements.)  A 
third  and  extensive  series  of  tests  was  con- 
ducted with  plants  derived  from  kernels 


exhibiting  different  phenotypes,  taken 
from  ears  produced  by  each  of  the  de- 
scribed crosses.  Again,  each  plant  was 
examined  for  Spm  number,  location,  and 
activity.  From  the  results  of  these  multi- 
ple tests  it  was  possible  to  interpret  the 
origins  of  the  different  pigmentation  pat- 
terns, and  to  know  when  to  relate  some 
of  them  to  dose  of  Spm. 

A  second  illustration  of  the  relation  of 
pattern  to  dose  of  Spm  is  given  by  the 
kernels  on  the  segment  of  ear  shown  in 
Fig.  3A.  This  was  a  self-pollinated  ear 
of  a  plant  having  the  constitution  a^'x / 
a2m'1 ;  +  Wx/ active- Spm  wx.  Pigment 
was  produced  in  two  distinctly  different 
layers  of  the  kernels,  the  aleurone  layer 
of  the  endosperm  and  the  overlying  peri- 
carp layer.  The  pericarp  layer  is  derived 
from  cells  of  the  ovary  and  thus  has  the 
same  genotype  as  other  tissues  in  the 
plant.  It  is  a  maternal  layer.  In  order 
that  pigment  may  be  formed  in  various 
parts  of  a  plant,  genes  associated  with 
anthocyanin  production  other  than  that 
at  the  a2m~1  locus  must  be  capable  of 
functioning  in  these  parts.  In  some  stud- 
ies it  was  necessary  to  incorporate  effec- 
tive alleles  of  such  genes  into  the  genome 
of  a  plant  in  order  to  examine  pigment 
production  in  its  various  parts  that  could 
be  attributed  solely  to  activity  of  the 
gene  at  the  a2rn_1  locus.  The  plant  pro- 
ducing the  ear  shown  in  Fig.  3A  was  so 
constituted. 

The  streaked  pigmentation  patterns  in 
the  pericarp  layer  are  best  seen  in  the 
waxy  kernels  having  a  nearly  colorless 
aleurone  layer,  although  similar  patterns 
are  present  in  all  the  other  kernels  as 
well.  The  streaks  run  from  the  base  of 
the  kernel  toward  the  crown,  narrowing 
in  width  as  the  crown  is  approached,  and 
are  relatively  uniform  in  size  and  distri- 
bution. The  pigmented  spots  in  the 
aleurone  layer  of  the  highly  light- 
reflective  Wx  kernels  having  a  "1  Spm" 
pattern  also  appear  to  be  relatively  uni- 
form in  size  and  distribution.  There  are 
no  large  spots  in  any  of  these  kernels. 
The  events  affecting  Spm  that  were  re- 
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sponsible  for  these  patterns  occurred  in 
both  plant  and  endosperm  tissues  at  a 
relatively  late  developmental  stage.  This 
late  timing  is  also  reflected  in  the  vox 
class  of  kernels.  Most  of  them  com- 
menced development  with  three  Spm  ele- 
ments in  the  primary  endosperm  nucleus, 
and  most  of  them  have  only  a  few  specks 
of  pigment  in  the  aleurone  layer.  The 
patterns  produced  by  Spm  in  this  plant 
differ  from  those  appearing  among  the 
kernels  shown  in  Fig.  2 A  and  B,  and  the 
distinctions  are  related  to  differences  in 
control  of  the  timing  of  some  types  of 
events  affecting  the  Spm  element. 

A  third  illustration  of  the  connection 
between  pigmentation  pattern  and  dose 
of  Spm  is  shown  in  Fig.  3B.  The  kernels 
were  produced  on  the  self-pollinated  ear 
of  a  plant  with  the  constitution  a2w-1/ 
a2m-i .  inactive-Spm  Wx/ active- Spm  vox. 
When  an  inactive  Spm  is  present  in  the 
same  nucleus  with  an  active  Spm,  the 
inactive  element  contributes  to  the 
phenotypic  expression  as  though  it  were 
in  an  active  phase.  When  it  is  removed 
from  this  association  by  meiotic  segre- 
gation, the  activity  also  is  removed,  and 
the  phenotypic  response  of  the  class  II 
state  of  a2w_1,  or  of  any  gene  locus  under 
the  control  of  the  Spm  system,  is  the 
same  as  though  no  detectable  Spm  were 
present.  These  different  expressions  ap- 
pear among  the  kernels  on  the  ear  seg- 
ment shown  in  the  photograph.  The 
deeply  and  uniformly  pigmented  kernels 
are  Wx.  Several  other  kernels  have  deep 
pigment  over  most  of  the  aleurone  layer 
but  also  some  colorless  areas  with   ill- 


defined  borders.  These  also  are  Wx.  Their 
Spm  was  in  the  inactive  phase  initially 
but  underwent  change  to  the  active  phase 
in  some  cells  during  endosperm  develop- 
ment. All  other  kernels  on  this  segment 
of  the  ear  commenced  endosperm  de- 
velopment with  at  least  one  active  Spm. 
The  ratio  of  the  phenotypes  and  their 
distribution  among  the  Wx  and  wx 
classes  make  it  evident  that  most  of  the 
Wx  kernels  must  have  received  the  Spm 
that  was  linked  to  this  Wx  allele,  and 
also  that  component- 1  of  this  Spm  was 
in  the  inactive  phase.  Yet,  among  the 
kernels  with  pigmented  spots  or  specks, 
there  is  little  difference  in  pattern  be- 
tween those  that  are  Wx  and  those  that 
are  wx.  Both  exhibit  the  "high  dose" 
Spm  pattern.  There  are  a  few  kernels  on 
this  ear,  however,  that  show  what  was 
previously  described  as  a  "1  Spm"  pat- 
tern, and  one  waxy  kernel  with  this  pat- 
tern is  conspicuous  in  the  photograph. 
As  indicated  earlier,  a  few  kernels  having 
this  phenotype  could  be  anticipated. 

Distinctive  Phenotypes  Associated  with 
Activation  of  an  Inactive  Spm 

The  contribution  of  an  inactive  Spm 
to  pattern  of  pigmentation,  as  illustrated 
in  Fig.  3B,  provides  a  means  of  detecting 
the  presence  of  inactive  Spm  elements  in 
plants  that  otherwise  show  no  evidence 
of  Spm.  Pollen  from  a  plant  carrying  a 
single  Spm  element  in  the  active  phase 
may  be  placed  on  the  silks  of  an  ear  of  a 
plant  to  be  tested.  From  the  types  of 
pigmentation  patterns  appearing  among 


Fig.  3.  A.  Segment  of  an  ear  showing  the  types  of  kernels  produced  by  self-pollination  of  a 
plant  (8735E-1)  that  was  homozygous  for  the  class  II  state  of  a2w-1  in  chromosome  5  and  had  the 
alleles  +  Wx  /  a.ctive-Spm  wx  in  chromosome  9.  The  shiny  kernels  are  Wx  whereas  the  dull,  waxy- 
looking  kernels  are  wx.  The  genetic  constitution  of  the  plant  allowed  pigment  to  be  produced  in 
the  pericarp  layer,  which  is  maternal  in  origin.  The  streaks  running  from  the  base  toward  the 
crown  are  in  this  layer.  Those  kernels  that  are  uniformly  dark  or  have  a  spotted  pattern  contain 
pigment  also  in  the  aleurone  layer  of  the  endosperm.  B.  Segment  of  an  ear  produced  by  self- 
pollination  of  a  plant  (8731A-1)  that  was  homozygous  for  the  class  II  state  of  a-7'1'1  and  had  an 
inactive  Spm  linked  with  Wx  in  one  chromosome  9  and  an  active  Spm  linked  with  wx  in  the 
homologue.  The  dark-colored  kernels  received  only  the  inactive  Spm.  The  nearly  colorless  ker- 
nels received  at  least  one  active  Spm.  These  kernels  exhibit  a  "high-dose"  Spm  pattern.  Note  the 
contribution  of  the  inactive  Spm  to  dose  expression  (see  text).  One  kernel  with  a  wx  phenotype 
has  a  "1  Spm"  pattern  of  pigment  distribution. 
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the  kernels,  one  can  learn  whether  or  not 
the  plant  carries  an  Spm  whose  com- 
ponent-! is  inactive.  Such  tests  made  it 
possible  to  examine  the  duration  of  in- 
active phases  of  component- 1  that  ex- 
tended, in  some  instances,  over  genera- 
tions of  plants.  Returns  to  the  active 
phase,  when  they  occur,  may  be  noted 
by  the  appearance  of  clones  of  cells 
either  in  the  plant  or  in  the  kernel.  In 
the  kernel,  such  changes  of  phase  can 
initiate  some  very  distinctive  pigmenta- 
tion patterns,  several  of  which  are  illus- 
trated in  Fig.  4A. 

The  kernels  shown  here  appeared  on 
the  self-pollinated  ear  of  a  plant  that 
was  homozygous  for  the  class  II  state  of 
a-2m'1  and  had  one  Spm  element  under- 
going changes  in  phase  of  activity  during 
plant  development.  In  most  parts  of  the 
main  stalk  it  was  in  the  inactive  phase, 
and  in  most  of  the  kernels  on  the  ear 
produced  by  this  stalk  it  was  also  in- 
active. In  some  kernels,  however,  it 
entered  the  active  phase ;  several  of  these 
appear  in  the  photograph.  Four  of  them 
are  nearly  colorless,  having  only  a  few 
specks  of  pigment.  Two  other  kernels  in 
the  photograph  have  pigment  confined  to 
the  crown  in  the  region  surrounding  the 


silk  attachment,  and  the  borders  of  the 
pigmented  areas  appear  frayed.  Other 
kernels  have  large  pigmented  areas  with 
frayed  borders  that  are  adjacent  to 
colorless  areas  with  specks  of  pig- 
ment; two  kernels  showing  this  pheno- 
type  may  be  seen  at  the  lower  right.  A 
few  kernels  have  very  many  tiny  specks 
of  pigment,  uniformly  distributed  over 
the  aleurone  layer;  two  of  these  appear 
in  the  photograph.  It  was  learned,  in 
studies  of  plants  derived  from  kernels 
with  phenotypes  similar  to  those  shown 
here,  that  the  endosperm  in  each  of  the 
kernels  probably  received  initially  an 
inactive  Spin,  even  though  several  of  the 
pigmentation  patterns  resemble  those 
produced  by  different  doses  of  an  active 
Spm  as  previously  illustrated.  These 
quite  distinctive  patterns  demonstrate 
still  other  instances  of  versatility  of  reg- 
ulation of  gene  expression  related  to  the 
action  of  only  one  component  of  one  ele- 
ment of  one  control  system. 

An  Example  of  Versatility  of  Control  of 

Gene  Expression  Associated  with 

Component-2  of  Spm 

The  illustrations  given  so  far  demon- 
strate only  one  aspect  of  the  versatile 


Fig.  4.  A.  Part  of  an  ear  produced  by  self-pollination  of  a  plant  (8738-15)  that  was  homozygous 
for  the  class  II  state  of  a2"!_1.  It  had  an  Spm  whose  component-1  was  in  an  inactive  phase  in 
most  parts  of  the  plant.  The  nearly  colorless  kernels  as  well  as  those  with  different  patterns  of 
pigment  distribution  received  an  inactive  Spm,  which  underwent  change  to  active  phase  during  de- 
velopment of  the  endosperm.  Note  the  range  of  pigmentation  patterns  that  this  mechanism  may 
produce.  B.  Types  of  pigment  distribution  in  the  aleurone  layer  of  kernels  on  an  ear  of  a  plant 
(7896B-1)  that  was  homozygous  for  a2  and  had  two  unlinked,  active  Spm  elements.  The  silks  of 
this  ear  received  pollen  from  a  tester  plant  that  was  homozygous  for  the  original  state  of  a2m~l 
and  had  no  detectable  Spm  element.  The  uniformly  pale-pigmented  kernels  show  the  pheno- 
type  produced  by  this  state  when  Spm  is  not  present  in  the  endosperm.  The  variegated  kernels 
have  large  and  small  areas  of  deep  pigment.  This  pattern  is  produced  by  the  original  state  of 
a2m~1  in  response  to  an  Spm  having  an  active  component-1  and  an  early-acting  component-2.  The 
pigmented  areas  reflect  the  formation  of  clones  of  cells,  each  derived  from  a  cell  with  a  newly 
produced,  heritable  modification  of  the  a2m'1  locus.  C.  Types  of  kernels  on  an  ear  of  a  plant 
(8448C)  having  the  constitution  A2/a2m~1  (original  state) ;  wx/wx.  The  ear  was  produced  by  a 
cross  with  a  tester  plant  that  was  homozygous  for  the  original  state  of  a2m_1  and  for  wxm~8  and 
had  no  detectable  Spm.  The  uniformly  dark-pigmented  kernels  received  the  A2  allele  from  the 
ear  parent.  The  uniformly  pale  kernels  received  the  a2m~1  allele  and  no  active  Spm.  The  kernels 
with  a  pattern  of  small  pigmented  spots  in  a  colorless  background  received  one  or  more  Spm  ele- 
ments from  the  ear  parent.  These  elements  had  an  active  component-1,  and  a  component-2  to 
which  the  a2m'1  locus  and  also  the  wxm~s  locus  responded  late  in  endosperm  development.  Com- 
pare this  action  of  component-2  to  that  provided  by  the  Spm  elements  in  the  kernels  shown  in 
B  of  this  figure. 
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regulation  of  gene  action  by  the  Spm  sys- 
tem. Previous  reports  have  discussed  the 
contribution  of  the  states  of  a  gene  locus 
to  variety  of  expression,  as  well  as  some 
of  the  modulations  brought  about  by 
differences  in  action  of  component-2,  the 
"mutator"  component.  Although  these 
aspects  will  not  be  reviewed  here,  it 
should  be  emphasized  that  phenotypes 
resembling  sOme  of  those  shown  here 
may  be  produced  by  combinations  of 
other  states  of  a2m_1  with  selected  isolates 
of  Spm.  These  other  states  (the  class  I 
states)  respond  to  both  component- 1  and 
component-2.  The  responses  to  compo- 
nent-2 result  in  heritable  modifications 
affecting  the  subsequent  expression  of  the 
gene  at  the  locus.  The  timing  of  these  re- 
sponses is  regulated  not  only  by  the  state 
of  the  gene  locus  but  also  by  the  manner 
of  action  of  component-2.  (For  these 
heritable  modifications  to  occur,  compo- 
nent-! also  must  be  in  the  active  phase.) 
Component-2  undergoes  changes  that 
modify  its  action,  and  each  change  is  the 
consequence  of  a  single  event.  Each 
modification  may  be  detected  by  the 
altered  timing  of  responses  of  the  various 
class  I  states  of  gene  loci  controlled  by 
the  Spm  system.  As  with  component- 1, 
the  duration  of  any  one  type  of  action 
of  component-2  may  extend  over  genera- 
tions of  plants,  or,  on  the  other  hand, 
subsequent  modifications  may  occur  at 
more  frequent  intervals.  The  frequency 
of  change — again  as  with  component-1 — 
seems  to  be  under  some  form  of  control. 
Initially,  component-2  may  be  totally 
inactive,  or  it  may  be  effective  at  par- 
ticular stages  in  development,  ranging 
from  early  to  late. 

The  photographs  in  Fig.  4B  and  C 
illustrate  differences  in  gene  expression 
related  to  differences  in  action  of  compo- 
nent-2 of  Spm.  The  kernels  shown  in  B 
developed  on  an  ear  of  a  plant  that  was 
homozygous  for  the  standard  recessive, 
a2.  A  testcross  was  made  to  determine 
the  Spm  constitution  of  the  plant.  Pol- 
len from  a  plant  that  was  homozygous 
for  the  original  state  of  a2m'1,  and  had  no 


active  Spm,  was  placed  on  the  silks  of 
this  ear.  The  variegated  kernels  are  the 
ones  that  received  an  active  Spm  from 
the  ear  parent,  whereas  the  uniformly, 
lightly  pigmented  kernels  did  not.  This 
pale  phenotype  characterizes  the  expres- 
sion of  the  original  state  when  there  is 
no  activity  of  component-1  in  the  endo- 
sperm cells.  (It  contrasts  with  the  deep 
pigmentation  that  is  produced  by  the 
class  II  state  under  similar  circum- 
stances even  though  the  class  II  state 
was  derived  directly  from  the  original 
state.)  When  component-1  is  active,  pig- 
ment production  is  inhibited.  When 
component-2  also  is  active,  this  state  of 
a2w_1  responds  to  it  by  undergoing  somat- 
ically occurring  heritable  modifications, 
many  of  which  prepare  the  locus  to  func- 
tion in  pigment  formation.  In  the  endo- 
sperm of  the  kernel,  such  responses  in 
individual  cells  produce  clones  that  may 
terminate  in  the  aleurone  layer,  forming 
areas  that  are  deeply  pigmented.  The 
intensity  of  pigmentation  in  such  areas 
simulates  that  produced  by  the  standard 
A2  locus,  or  by  the  class  II  state  when 
component-1  is  inactive.  The  variegated 
kernels  in  Fig.  4B  have  such  areas,  and 
many  of  them  are  large — an  indication 
that  the  events  responsible  for  them  oc- 
curred at  the  locus  of  a2m_1  early  in 
endosperm  development. 

The  very  same  state  of  a2m_1  that  gave 
rise  to  the  variegated  kernels  shown  in 
Fig.  4B  was  also  responsible  for  the 
variegated  kernels  on  the  ear  shown  in  C 
of  this  figure.  It  is  obvious  that  the  pat- 
terns of  pigment  distribution  in  these 
kernels  are  very  different  from  those  seen 
in  photograph  B.  The  distinctions  relate 
to  differences  in  action  of  the  Spm  ele- 
ments present  in  the  plants  that  pro- 
duced the  two  ears,  and  most  directly,  to 
differences  in  their  component-2.  The 
kernels  in  C  appeared  on  an  ear  of  a  plant 
with  the  constitution  A2/a2m'1  (original 
state)  ;  vox/ vox.  This  ear  received  pollen 
from  a  plant  that  was  homozygous  for 
the  original  state  of  a2m~1  and  for  wxm~8, 
and  had  no  Spm.   In  half  of  the  kernels 
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that  developed  on  the  ear  the  aleurone 
layer  is  uniformly  and  very  deeply  pig- 
mented. This  was  to  be  expected,  as  half 
of  the  kernels  should  have  received  the 
A2  allele  from  the  ear  parent.  The  other 
kernels  are  homozygous  for  the  original 
state  of  a2m-1.  A  few  of  them  show  no 
evidence  of  the  presence  of  an  Spm  ele- 
ment. They  are  uniformly  pale  pig- 
mented, as  are  their  counterparts  in 
Fig.  4B.  The  others  exhibit  a  relatively 
uniform  pattern  of  pigmented  spots  in 
a  colorless  background.  These  small 
spots  and  specks  reflect  heritable  changes 
at  the  locus  of  a2m~\  induced  by  compo- 
nents of  Spm  and  occurring  late  in  the 
development  of  the  endosperm.  A  similar 
late  timing  of  responses  was  registered 
by  wxm~8 :  clones  of  cells  containing  amy- 
lose  starch  are  small. 

The  spotted  pigmentation  pattern 
shown  in  Fig.  4C  resembles  that  of  the 
single  heavily  spotted  kernel  in  Fig.  3B. 
The  controls  of  pattern  are  very  different 
in  these  two  examples,  however,  and  the 


events  responsible  for  pigment  produc- 
tion are  not  the  same.  One  pattern  (Fig. 
3B)  is  related  to  phases  of  activity  of 
component- 1  of  Spm,  with  no  heritable 
modifications  occurring  at  the  locus  of 
a2w_1,  whereas  the  other  depends  on 
heritable  modifications  at  this  locus,  re- 
quiring the  active  phase  of  both  compo- 
nents of  Spm.  Component-2  regulates 
the  time  of  occurrence  of  these  heritable 
modifications. 

A  spotted  or  speckled  pattern  may  be 
produced  by  still  other  means.  One  of 
these  employs  selected  states  of  a^"1"1 
that  give  a  spotted  pattern  in  conjunc- 
tion with  an  Spm  having  the  properties 
shown  in  Fig.  4B,  and  a  very  light 
speckled  pattern  with  an  Spm  having  the 
properties  shown  in  C  of  this  figure.  In 
short,  a  spotted  or  speckled  pattern  may 
be  produced  within  this  control  system 
by  various  states  of  a  gene  locus,  whose 
expressions  can  then  be  modified  by  the 
different  times  and  types  of  action  of  the 
components  of  the  Spm  element  itself. 
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INTRODUCTION 


It  was  at  a  Symposium  on  New  Ap-  Acheson's   Pulitzer  prize-winning  book, 

proaches    to    Developmental    Genetics,  In  the  epigraph  to  Present  at  the  Creu- 

convened  in  this  Department  on  March  tion,  Mr.  Acheson  quotes  the  words  of 

16,  1971,  as  part  of  a  program  honoring  Alphonso  the  Learned:  "Had  I  been  pres- 

our  President,  Caryl  Haskins,  and   his  ent  at  the  creation,  I  would  have  given 

lady,  that  Yoshiaki   Suzuki   announced  some  useful  hints  for  the  better  ordering 

the  isolation  and  characterization  of  the  of  the  universe." 

"silk  message,"  the  messenger  RNA  di-  There  is  at  least  one  clear  difference 

recting    the    synthesis    of    the    protein,  between  the  king's  (and  Mr.  Acheson's) 

fibroin,    spun   by   the   commercial   silk-  "the  creation"  and  scientific  creativity, 

worm,  Bombyx  mori.  This  mRNA  is  the  It  is  in  the  simple  word,  "the,"  for  inno- 

first  to  be  isolated  in  sufficient  purity  to  vation  in  the  life  sciences  commonly  in- 

permit  its  detailed  analysis  and  descrip-  eludes  not  one  but  at  least  four  steps 

tion.  For  the  first  time  it  should  be  possi-  which  may  be  illustrated  by  a  glance  at  the 

ble  to  analyze  the  stability  of  the  mole-  history  of  the  isolation  of  the  silk  mes- 

cule,  to  measure  its  rate  of  synthesis,  and  sage:  (1)  the  development  of  a  hypothe- 

to  study  its  movement  from  nucleus  to  sis;  (2)  the  search  for,  and  recognition  of, 

cytoplasm.   Moreover,  using  this  defined  an  experimental  system ;  (3)  the  develop- 

mRNA  in  molecular  hybridization  tech-  ment  and  honing  of  techniques;  and  (4) 

niques  with  silkworm  DNA,  it  should  be  "execution,"  with  the  appropriate  meth- 

possible  to  determine  the  number  of  genes  ods  being  applied  to  the  optimal  system, 

encoding  silk  fibroin,  and  ultimately  to  The  idea  that  RNA  is  an  intermediary 

isolate   them,   using   the    approach   and  between  DNA  and  the  synthetic  machin- 

techniques   employed   so   effectively   by  ery  of  the  cell  is  an  old  one,  but  the 

Donald  Brown  and  his  colleagues  in  puri-  critical    evidence    for    it    is    of    recent 

fying  first  the  genes  for  the  28S  and  18S  vintage.  It  is  hardly  necessary  to  recount 

ribosomal  RNAs,   and   during  the  past  the  steps  in  development  of  the  messenger 

year,  the  genes  for  5S  ribosomal  RNA.  hypothesis  by  Jacob  and  Monod.  It  was 

It  is  especially  fitting  that  Suzuki's  predicted  and  found  that  a  small  fraction 
three-year  study  came  to  fruition  in  time  of  the  RNA  of  bacterial  cells  should  be 
for  its  presentation  as  a  "farewell  gift"  to  unstable,  i.e.,  turn  over  rapidly,  and  that 
Caryl  Haskins,  for  an  uncommon  man  it  should  have  a  base  composition  mirror- 
deserves  an  uncommon  gift.  Suzuki's  ing  the  cell's  DNA.  In  microorganisms, 
achievement  reveals  a  high  order  of  crea-  mRNA  is  defined  by  its  size,  its  comple- 
tivity;  and  it  is  an  understanding  of,  and  mentarity  to  DNA,  its  instability  and  its 
a  feeling  for,  the  creative  process  and  the  specificity  in  coding  a  polypeptide.  In 
conditions  that  are  necessary  for  it  to  be  bacterial  systems  all  of  these  criteria  can 
nourished  that  our  President  has  demon-  be  met.  In  the  cells  of  eukaryotes  the 
strated  in  such  great  abundance.  third  criterion,  instability,  clearly  does 

It  is  above  all  the  creative  spirit,  the  not  apply,  for  there  is  ample  evidence  of 
urge  to  contribute  to  the  creation  of  a  new  long-lived  messages, 
idea  or  a  new  proof  that  is  the  hallmark  The  second  step,  recognition  of  an  op- 
of  the  investigator.  To  some  degree —  timal  organism,  can  be  crucial  in  the  de- 
more  humbly  perhaps — we  all  think  a  velopment  of  a  problem,  even  of  an  entire 
little  like  Alphonso  X,  King  of  Spain,  field ;  consider  the  impact  of  the  develop- 
whose  words  provided  the  title  of  Dean  ment  of  the  inbred  mouse  on  transplanta- 
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tion  biology,  of  the  "discovery"  of  the  eye 
of  the  horseshoe  crab,  Limulus,  on  photo- 
reception  and  of  the  squid  axon  on  nerv- 
ous conduction.  That  the  silkworm  might 
provide  an  especially  favorable  system 
for  the  isolation  of  a  messenger  RNA  was 
recognized  several  years  ago  by  investi- 
gators in  the  "silkworm  countries/'  Japan 
and  France,  as  well  as  in  other  parts  of 
the  world,  notably  by  Yeas  and  Vincent 
in  the  United  States.  It  was  abundantly 
clear  that  the  unique  composition  of  the 
protein  should  be  reflected  in  an  unusual 
mRNA.  However  it  remained  for  Suzuki, 
in  association  with  Brown,  clearly  work- 
ing toward  the  long-range  goal  of  under- 
standing the  factors  regulating  gene  ac- 
tion, to  "put  it  all  together,"  purifying 
and  characterizing  the  message  and  set- 
ting the  stage  for  the  current  drive  toward 
isolating  the  silk  genes. 

On  the  latter  front,  although  L.  P. 
Gage,  currently  completing  his  second 
year  as  a  Fellow  of  the  U.S.  Public  Health 
Service,  working  in  association  with 
Brown  and  Suzuki,  has  reported  only 
modest  progress,  techniques  have  been 
developed  to  the  point  at  which  a  detailed 
analysis  can  be  carried  out. 

Mention  has  already  been  made  of  the 
fact  that  Brown  and  Pieter  Wensink, 
completing  his  studies  for  the  doctorate 
at  Johns  Hopkins,  have  isolated  the  5S 
ribosomal  DNA  of  Xenopus  laevis.  Their 
collaborative  study  of  the  structure  of 
28S  and  18S  ribosomal  DNA  (rDNA) 
has  also  been  extended.  They  have  com- 
pared the  rDNAs  of  two  interbreeding 
species  of  Xenopus,  laevis  and  mulleri. 
Although  the  28S  and  18S  sequences  can- 
not be  distinguished,  the  "spacer"  regions 
clearly  differ,  thus  raising  some  intrigu- 
ing evolutionary  questions. 

Brown  and  A.  W.  Blackler  of  Cornell 
University  have  exploited  the  availability 
of  these  two  species  whose  rDNAs  can  be 
distinguished  to  determine  the  mode  of 
inheritance  of  the  pattern  of  differential 
gene  amplification.  Is  the  first  extra 
rDNA  molecule  replicated  from  the 
chromosomal  DNA,  or  are  one  or  more 


amplified  rDNA  molecules  transmitted 
through  the  cytoplasm?  In  short,  is  the 
mechanism  chromosomal  or  episomal? 
The  evidence  rules  out  episomal  inherit- 
ance— the  first  copies  must  be  replicated 
from  chromosomal  rDNA. 

In  contrast  to  these  findings,  Dawid 
and  Blackler  have  observed,  using  the 
same  approach,  that  mitochondrial  DNA 
appears  to  be  inherited  cytoplasmically 
and  maternally.  Again,  the  sequences 
coding  for  mitochondrial  rRNA  are  very 
similar,  while  the  spacer  regions  are  dif- 
ferent, so  different  that  homology  can 
barely  be  detected.  Thus  the  "markers" 
are  very  clear. 

In  the  course  of  the  year  Dawid  and 
J.  W.  Chase,  as  part  of  the  latter's  pre- 
doctoral  investigations  at  Johns  Hopkins, 
just  completed,  have  found  that  the  mito- 
chondria of  Xenopus  laevis  lack  5S  RNA. 
Whether  there  is  another  molecule  having 
a  "5S  function"  has  not  yet  been  resolved. 

Before  returning  to  the  Institute  for 
Virus  Research  at  Kyoto  University, 
Masako  Yoshikawa-Fukada  continued  to 
explore  the  role  of  the  "oncogenic  viral 
sequences"  in  eukaryotic  cells.  It  will  be 
recalled  that  the  RNA  of  Rous  sarcoma 
virus  (RSV)  hybridizes  with  eukaryotic 
and  oncogenic  viral  DNAs.  Earlier,  Yo- 
shikawa-Fukada and  Ebert  described  the 
preparation  of  an  insoluble  chromatin 
fraction  from  Chinese  hamster,  HeLa, 
and  baby  hamster  kidney  (BHK)  cells 
having  the  capacity  for  DNA  synthesis  in 
the  absence  of  added  primer.  The  DNA 
in  this  insoluble  fraction  hybridizes  with 
RSV-RNA  to  a  greater  degree  than  does 
the  DNA  of  the  soluble  fraction.  Further 
studies  of  the  DNA  produced  in  vitro 
suggest  that  the  insoluble  fraction  may 
contain  a  DNA-synthesizing  rather  than 
a  terminal-repairing  enzyme,  i.e.,  it  may 
contain  a  "DNA  replicase."  C.  W.  Orr, 
who  accepted  a  short-term  appointment 
in  the  Department  to  continue  the  study 
after  Yoshikawa-Fukada's  departure, 
made  some  progress  in  characterizing  the 
enzymes  prepared  from  normal  and 
polyoma-virus  transformed  BHK   cells, 
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and  has  provided  evidence  suggesting, 
but  not  proving,  that  the  two  enzymes 
differ. 

In  the  course  of  their  exploration  of 
the  initiation  of  DNA  synthesis  in  BHK 
cells  in  vitro,  Orr,  Yoshikawa-Fukada, 
and  Ebert  observed  that  cell  replication 
and  DNA  synthesis  may  be  regulated  ef- 
fectively by  modifying  the  potassium 
content  of  the  medium.  Cell  multiplica- 
tion and  DNA  synthesis  may  be  blocked 
by  high  concentrations  of  potassium  and 
reactivated  by  restoration  to  normal 
medium.  During  the  year  Orr  and  Ebert 
have  been  joined  by  T.  F.  McDonald  and 
Howard  Sachs,  Carnegie  Fellows  working 
principally  with  Robert  DeHaan.  The 
combination  of  molecular  and  electro- 
physiological approaches  has  proved  to 
be  fruitful,  for  sufficient  evidence  has 
been  amassed  to  permit  the  working  hy- 
pothesis that  DNA  synthesis  may  be 
regulated  by  the  potential  across  the  cell 
membrane,  i.e.,  that  changes  in  membrane 
potential  result  in  changes  in  the  rate  of 
DNA  synthesis.  At  the  same  time,  the 
fine  structure  of  cells  growing  in  a  high 
potassium  medium  was  being  examined 
by  John  Rash. 

Rash  is  also  working  in  association 
with  Robert  DeHaan  and  Douglas  Fam- 
brough.  With  Fambrough  he  has  collab- 
orated in  a  study,  to  appear  in  Develop- 
mental Biology,  of  the  development  of 
acetylcholine  sensitivity  during  myo- 
genesis  in  vitro.  In  this  analysis  electro- 
physiology  and  electron  microscopy  have 
been  combined.  Although  acetylcholine 
(ACh)  sensitivity  appears  at  the  onset  of 
muscle  differentiation,  ACh  receptors 
seem  to  play  no  role  in  the  early  steps  in 
myogenesis,  for  when  they  are  blocked, 
myogenesis  proceeds  normally. 

Reference  has  been  made  to  the  work  of 
two  students,  Pieter  Wensink  and  John 
Chase.  Others  whose  studies  are  treated 
in  the  body  of  the  Report  include  John 
Dunning,    Criss    Hartzell,    and    Ralph 


Stern.  The  members  of  the  staff  continue 
to  play  an  important  role  as  teachers; 
however  in  the  Department  we  do  not 
see  it  as  the  teacher's  primary  task  to 
impart  information.  It  is,  as  Vannevar 
Bush  wrote  in  Pieces  of  the  Action,  "to 
guide  the  student  mind  in  its  search  for 
knowledge — the  gathering  of  information, 
the  understanding  of  its  implications  and 
applications,  the  consequent  growth  of 
knowledge,  and  it  is  to  be  hoped,  the 
ultimate  growth  of  wisdom."  These  ob- 
jectives are  best  attained  by  the  intimate 
association  of  student  and  teacher. 

These  associations  are  exemplified  re- 
peatedly in  the  career  of  Elizabeth  M. 
Ramsey,  who  upon  retirement  on  June 
30,  1971,  had  graced  the  Department  for 
thirty-seven  years.  April  16,  1971,  was 
"Elizabeth  Ramsey  Day"  in  the  Depart- 
ment. Many  of  her  close  friends  and  col- 
leagues from  the  United  States  and 
Europe  gathered  to  show  their  affection, 
and  to  hear  an  inspiring  lecture  by  Pro- 
fessor E.  C.  Amoroso.  Over  the  years 
Elizabeth  Ramsey  set  an  example  for  us 
all,  in  both  research  and  teaching. 
Through  day-to-day  associations  she 
converted  many  young  colleagues  into 
seasoned  investigators,  trained  at  least 
one  Director,  and  enriched  the  lives  of  all 
of  us.  Through  conversation  and  exam- 
ple she  has  taught  us  the  blending  of  cul- 
ture and  science,  the  thrill  of  discovery 
and  of  comprehension,  the  importance  of 
context,  and  gracious  expression,  as  well 
as  critical  judgment  and  the  character  to 
choose  scientific  tasks  not  for  their  ease, 
but  for  their  importance. 

She  is  a  master,  yet  she  bears  her  mas- 
tery with  a  modesty  reflecting  the  quota- 
tion ascribed  to  Goethe,  inscribed  on  her 
laboratory  wall  to  the  effect  that  "Ulti- 
mately, the  reason  I  prefer  to  associate 
harmoniously  with  Nature  is  that  she  is 
always  right  and  error  can  be  only  on  my 
side." 
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ISOLATION,     CHARACTERIZATION,    AND 
CONTROL    OF     GENES    IN    DEVELOPMENT 

D.  D.  Brown,  L.  P.  Gage,  R.  H.  Reeder,  R.  G.  Roeder,  R.  Stern,  Y.  Suzuki,  and  P.  C.  Wensink 


The  general  strategy  of  our  approach 
was  summarized  in  Year  Book  69,  pp. 
565-566.  We  wish  to  isolate  and  charac- 
terize genes  of  known  function,  analyze 
their  organization  in  the  animal  genome, 
and  reconstruct  the  molecular  environ- 
ment which  controls  them  in  the  living 
cell.  Two  groups  of  related  genes  have 
now  been  purified — the  genes  for  18S  and 
28S  rRNA  (rDNA)  and,  during  the  past 
year,  the  genes  for  5S  RNA  (5S  DNA). 
A  continuation  of  the  analysis  of  rDNA 
structure  by  Brown  and  Wensink  has 
raised  questions  of  evolution. 

During  the  past  year  Suzuki  has  iso- 
lated the  messenger  RNA  (mRNA)  for 
silk  fibroin  and  partially  sequenced  it. 
Suzuki  and  Gage  are  now  involved  in  an 
analysis  of  the  genes  for  this  unique  pro- 
tein, both  within  the  posterior  gland 
where  they  function  and  in  other  tissues 
of  the  silkworm.  We  believe  that  this 
analysis  will  permit  us  to  state  defini- 
tively whether  gene  amplification  is  in- 
volved in  the  expression  of  a  gene  which 
codes  for  a  specialized  protein. 

Stern  has  purified  two  DNA  satellites 
present  in  Xenopus  mulleri  but  not  in 
Xenopus  laevis  and  has  begun  to  charac- 
terize them.  Reeder  and  Roeder  have 
continued  to  analyze  the  role  of  different 
animal  polymerases  in  controlling  gene 
transcription. 


An  Analysis  of  the  Structure  of 
Xenopus  laevis  rDNA 

P.  C.  Wensink 

In  Year  Book  69,  p.  571,  a  technique 
was  described  which  allows  examination 
of  the  distribution  of  the  bases  along  the 
length  of  a  molecule  of  DNA.  The  DNA 


is  partly  denatured,  and  then  the  pattern 
of  denaturation  is  visualized  in  the  elec- 
tron microscope.  Since  the  regions  which 
denature  first  are  those  with  the  lowest 
GC  content,  the  pattern  of  denaturation 
can  be  used  to  locate  genes  or  parts  of 
genes  which  have  base  compositions  dif- 
ferent from  those  of  adjacent  nucleotide 
sequences. 

The  chromosomal  and  amplified  rDNAs 
of  X.  laevis  have  been  investigated  by 
this  technique  and  were  found  to  be  in- 
distinguishable. Each  rDNA  molecule 
had  a  pattern  of  denaturation  which  re- 
peated every  8.7  ±  0.5  X  106  daltons, 
and  the  pattern  occupied  all  of  the  rDNA 
examined.  The  repeats  within  molecules 
were  diagrammed  and  then  aligned  by 
eye  to  maximize  the  homology  of  the  de- 
naturation patterns.  The  diagrams  shown 
in  Fig.  1  give  an  impression  of  the  high 
degree  of  regularity  found  in  the  repeat- 
ing pattern  at  all  degrees  of  denaturation. 
The  repeats  from  a  random  sample  of 
amplified  X.  laevis  rDNA  molecules  were 
aligned  and  grouped  according  to  percent 
denaturation.  Histograms  were  made  for 
each  group  of  molecules  by  dividing  each 
repeat  into  100  units  and  calculating  the 
fraction  of  molecules  that  were  denatured 
at  each  unit  of  length  along  the  repeat. 
The  resulting  histograms  are  shown  in 
Fig.  2.  These  histograms  have  allowed 
us  to  identify  the  region  which  denatures 
first  (0.3  to  3.4  n  in  Fig.  2)  as  the  region 
coding  for  the  40S  RNA  precursor  to  the 
18S  and  28S  rRNAs;  the  adjacent  region 
which  denatures  later  is  the  spacer  se- 
quence. This  region  which  denatures  first 
has  the  molecular  weight  necessary  to 
code  for  the  40S  precursor. 

A  similar  histogram  was  made  for  the 
chromosomal  rDNA  and  it  has  been  com- 


DEPARTMENT     OF     EMBRYOLOGY  27 


o-c=) o-a 


J I L 


2  4 

Length  {jj.) 


Fig.  1.  Diagrams  of  the  denaturation  pattern  within  the  repeats  of  five  molecules  with  different 
percent  denaturation.  Molecules  (a)  to  (e)  were  denatured  to  an  extent  of  11%,  27%,  39%,  57%, 
and  74%,  respectively.  Split  lines  represent  denatured  regions,  and  single  lines  represent  native 
regions. 
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pared  with  one  of  amplified  rDNA  in 
Fig.  3.  This  comparison  reveals  that  the 
denaturation  pattern  of  the  two  rDNAs 
cannot  be  distinguished. 
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Fig.  2.  Histograms  of  the  denaturation  pat- 
tern within  repeats  of  amplified  rDNA  of  X. 
laevis.  The  number  of  repeats  used  to  compile 
each  histogram  is  in  parentheses,  and  the  range 
of  percent  denaturation  is  also  indicated  in  each 
panel. 
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Fig.  3.  Comparison  of  the  denaturation  histo- 
grams of  the  chromosomal  and  amplified  rDNA 
of  X.  laevis.  DNA  molecules  which  were  26  to 
40  percent  denatured  were  scored.  There  were 
78  and  35  repeats  for  amplified  and  chromosomal 
rDNA,  respectively.  Amplified  rDNA  is  un- 
shaded and  chromosomal  rDNA  is  shaded. 


The  Evolution  of  rDNA — 
"Horizontal"  Evolution 

D.  D.  Brown  and  P.  C.  Wensink 
with   the   technical  assistance  of  E.  Jordan 

The  physical-chemical  and  "denatura- 
tion" map  of  X.  laevis  rDNA  has  con- 
firmed the  marked  homogeneity  in  the 
sequence  and  length  of  the  multiple  re- 
peating regions.  The  question  therefore 
arises  as  to  how  this  similarity  in  se- 
quence and  length  is  maintained  among 
these  multiple  genes.  We  know  that  the 
18S  and  28S  genes  have  strong  selective 
pressures  imposed  upon  them,  since  their 
sequences  have  diverged  only  minimally 
during  the  evolution  of  eukaryotes  (see 
Sinclair  and  Brown,  Year  Book  67,  pp. 
404-408).  In  approaching  this  problem 
we  have  compared  the  rDNA  of  X.  mul- 
leri  with  that  of  X.  laevis.  The  two 
species  are  related  closely  enough  so  that 
they  can  form  viable  hybrid  progeny. 
However,  their  rDNAs  differ.  We  have 
compared  these  two  DNAs  by  hybridiza- 
tion with  their  RNA  products  as  well  as 
by  other  physical-chemical  methods  and 
have  shown  that  they  differ  only  in  their 
spacer  regions.  Their  18S  and  28S  se- 
quences cannot  be  distinguished.  Prob- 
ably as  many  as  one  third  of  the  base 
pairs  within  the  spacer  region  differ  be- 
tween the  two  species.   These  differences 
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and  similarities  have  been  located  within 
the  DNA  structure  by  electron  micros- 
copy. Each  X.  mulleri  rDNA  molecule 
had  a  repeating  denaturation  pattern  of 
about  8.5  ±  0.5  X  106  daltons.  Results 
from  a  large  number  of  X.  mulleri  and 
X.  laevis  molecules  are  combined  in  Fig. 
4  and  demonstrate  that  about  half  of  the 
repeat  is  similar  in  the  two  species  and 
half  is  very  different.  The  region  of 
similarity  had  previously  been  identified 
as  the  40S  gene  region  of  X.  laevis  (see 
Figs.  1  and  2) ,  and  this  accords  well  with 
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Fig.  4.  Denaturation  histograms  of  X.  mulleri 
rDNA  (open)  and  X.  laevis  rDNA  (cross- 
hatched).  The  molecules  were  grouped  into 
three  ranges  of  percent  denaturation.  (a)  40- 
57%  denaturation;  32  and  34  repeats  of  X.  mul- 
leri and  X.  laevis,  respectively,  were  scored,  (b) 
58-70%  denaturation,  39  and  24  repeats,  (c)  71- 
85%  denaturation,  35  and  36  repeats.  The  40S 
gene  region  is  indicated  by  an  arrow  in  the  figure. 


the  observation  that  the  18S  and  28S 
sequences  in  the  two  species  cannot  be 
distinguished.  Between  species  the  spacer 
regions  are  vastly  different  in  base  com- 
position, but  within  a  species  all  spacers 
have  similar  if  not  identical  denaturation 
patterns.  The  difference  between  these 
two  rDNAs  defines  the  problem  of  "hori- 
zontal" evolution.  How  can  hundreds  of 
adjacent  repeating  genes  evolve  so  that 
all  the  tandem  repeats  are  very  similar  if 
not  identical?  We  do  not  know  the  an- 
swer to  this  interesting  evolutionary 
paradox.  It  does  however  suggest  that  a 
"correction"  mechanism  occurs  which  can 
spread  a  mutation  within  one  spacer 
region  to  adjacent  ones.  Several  mecha- 
nisms which  could  produce  this  phenom- 
enon have  been  proposed,  but  thus  far  no 
evidence  has  been  advanced  to  distin- 
guish between  them. 

The  Isolation  and  Characteristics  of 
5SDNA 

D.  D.  Brown  and  P.  C.  Wensink 
with   the  technical  assistance  of  E.  Jordan 

5S  DNA  comprises  about  0.5%  of  bulk 
X.  laevis  somatic  DNA.  This  large 
amount  of  DNA  represents  more  than 
27,000  genes  per  haploid  set  of  chromo- 
somes. It  is  not  yet  known  whether  all 
these  genes  are  restricted  to  a  single 
chromosome  like  the  genes  of  rDNA. 
However,  we  do  have  evidence  that  there 
is  considerable  clustering.  Isolation  of  5S 
DNA  takes  advantage  of  its  unusual 
buoyant  density  and  physical-chemical 
characteristics  (see  Year  Book  69,  p. 
567) .  Four  steps  have  been  used  to  purify 
5S  DNA,  the  first  two  being  successive 
centrifugations  in  CS2SO4  in  the  presence 
of  Ag+.  The  enriched  5S  DNA  is  next 
purified  by  centrifugation  in  CsCl.  In 
the  fourth  and  final  step,  CsCl  centri- 
fugation is  repeated;  before  centrifuging, 
however,  the  DNA  is  complexed  with  the 


30 


CARNEGIE     INSTITUTION 


Fig.  5.  Analytical  CsCl  equilibrium  centrifu- 
gation  of  successive  steps  involved  in  the  puri- 
fication of  5S  DNA  from  somatic  DNA  of  X. 
laevis.  Steps  (a)  and  (b)  were  CS2SO4  centrifu- 
gation  of  the  DNA  after  it  was  complexed  with 
Ag+.  The  enriched  5S  DNA  was  next  (c)  puri- 
fied by  CsCl  centrifugation,  and  finally  (d)  the 
5S  DNA  was  complexed  with  actinomycin  D 
and  centrifuged  again  in  CsCl.  To  monitor  the 
purification  process,  several  fig  of  the  DNA  were 
dialyzed  against  dilute  salt  and  centrifuged  to 
equilibrium  in  CsCl  after  each  step.  The  5S 
DNA  bands  at  1.692  g/cm3  and  was  34%,  50%, 
83%,  and  finally  greater  than  95%  pure  after  the 
four  successive  purification  steps.  The  final  yield 
of  5S  DNA  was  0.07%  of  the  starting  DNA. 


drug  actinomycin  D.    Figure  5  monitors 
these  four  successive  purification  steps. 

The  strands  of  5S  DNA  are  asym- 
metric in  composition  and  separate  com- 
pletely in  alkaline  CsCl  centrifugation. 
The  unusual  buoyant  density  of  5S  DNA 
is  explained  by  its  thermal  denaturation 
profile  (Fig.  6) .  This  profile  is  biphasic, 
with  about  half  of  the  hyperchromicity 
occurring  at  temperatures  expected  of 
DNA  with  a  very  high  AT  content.  The 
remainder  of  the  5S  DNA  denatures  at 
much  higher  temperatures.  The  last  frac- 
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Fig.  6.  Thermal  denaturation  profile  of  puri- 
fied 5S  DNA  (solid  line)  with  bulk  X.  laevis 
DNA  (dotted  line).  The  melting  curves  were 
performed  in  0.1  SSC;  A.  aerogenes  DNA  was 
run  as  a  control.  It  is  57%  GC  and  its  Tm  is 
indicated  by  the  arrow. 


tion  of  5S  DNA  to  denature  must  include 
the  nucleotide  sequences  coding  for  the 
5S  RNA,  since  it  is  known  to  have  a  high 
GC  content.  The  biphasic  denaturation 
profile  indicated  a  marked  heterogeneity 
of  base  composition  and  suggested  that 
an  electron  microscopic  study  of  the  de- 
naturation of  5S  DNA  would  be  of  great 
interest.  One  partly  denatured  molecule 
is  shown  in  Fig.  7.  Short  denatured  re- 
gions alternate  with  native  regions  of 
about  the  same  length.  The  repeat  length 
(beginning  of  one  native  region  to  the 
beginning  of  the  next  one)  is  about 
500,000  daltons.  The  gene  size  of  5S 
RNA  is  about  70,000  daltons,  or  14%  of 
the  repeat  length.  The  remaining  se- 
quences in  each  DNA  are  presumed  to  be 
"spacer"  sequences.  Thus,  the  structure 
of  5S  DNA  resembles  that  of  rDNA, 
since  multiple  repeating  genes  are  clus- 
tered together  and  separated  by  spacer 
regions.  We  do  not  yet  know  whether 
any  of  the  spacer  region  is  transcribed  in 
the  living  cell. 
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Fig.  7.   A  partly  denatured  molecule  of  5S  DNA  from  X.  laevis.   The  white  bar  on  the  photo- 
graph is  0.25  /x  long,  which  is  equivalent  to  0.42  X  106  daltons. 
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Gene  Amplification  Is  a  Chromosome 
Copy  Mechanism 

D.  D.  Brown  and 
A.  W.  Blackler  (Cornell  University) 

We  wished  to  distinguish  between  two 
mechanisms  which  could  provide  the  first 
extra  copy  of  rDNA  to  initiate  the 
process  of  gene  amplification  in  oocytes 
of  amphibians.  In  one  mechanism,  the 
first  extra  rDNA  molecule  is  replicated 
from  the  chromosomal  rDNA  at  the 
nucleolar  organizer  in  each  oocyte.  This 
mechanism  provides  for  a  nuclear  inherit- 
ance of  rDNA.  In  the  other  mechanism, 
one  or  more  amplified  rDNA  molecules 
within  the  oocyte  are  transmitted  to  the 
embryo  through  the  egg  cytoplasm,  set 
aside  with  the  germ  cells  during  embryo- 
genesis,  and  finally  used  as  template  for 
gene  amplification.  In  this  "episomal  in- 
heritance" mechanism,  the  rDNA  which  is 
amplified  should  be  inherited  maternally. 
We  have  distinguished  between  these 
models  by  analyzing  the  rDNA  amplified 
by  hybrid  progeny  of  X.  laevis  and  X. 
mulleri.  Since  their  rDNAs  can  be  dis- 
tinguished by  their  different  spacer  se- 
quences, we  could  determine  whether  the 
rDNA  which  was  amplified  was  inherited 
from  the  father  or  mother.  The  experi- 
ments were  done  by  preparing  comple- 
mentary RNA  (cRNA)  transcribed  from 
the  two  rDNAs  by  E.  coli  RNA  poly- 
merase. Different  isotopes  were  used  for 
the  two  cRNAs;  they  were  mixed  and 
hybridized  to  the  DNA  of  the  parent 
species  and  the  somatic  and  amplified 
rDNA  of  the  progeny.  The  results  were 
clear:  All  hybrid  progeny  amplified  only 
the  rDNA  of  X.  laevis  even  though  they 
could  be  shown  to  contain  somatic  X. 
multeri  rDNA  (as  well  as  somatic  X. 
laevis  rDNA).  We  do  not  know  the  rea- 
son for  this  "dominance."  However,  since 
progeny  derived  from  crosses  of  X.  laevis 
males  and  X.  mulleri  females  amplified 
the  paternally  derived  rDNA,  maternal 
inheritance  was  ruled  out.  We  conclude 
that  the  episomal  inheritance  mechanism 
is  ruled  out,  and  the  first  extra  copies  of 
rDNA    must    occur    with    the    somatic 
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rDNA  as  template — a  process  we  call  the 
"chromosome  copy"  mechanism. 

Satellite  DNAs  of  Xenopus  mulleri 

R.  Stern 

The  DNA  of  Xenopus  mulleri  contains 
two  light  satellite  DNAs,  each  accounting 
for  about  2%  of  the  genome.  Neither  of 
these  two  satellite  DNAs  is  present  in  the 
genome  of  X.  laevis.  The  two  satellites  of 
A^.  mulleri  have  been  purified  by 
mercury-cesium  sulfate  centrifugation, 
and  their  chemical  and  biological  prop- 
erties are  being  investigated. 

Transcription  of  rDNA  in  vitro 

R.  H.  Reeder  and  R.  G.  Roeder 
with    the    assistance   of   D.   Prather 

During  the  past  year  we  have  been 
studying  the  transcription  of  the  genes 
for  18S  and  28S  rRNA  (rDNA)  in  an 
effort  to  define  the  components  necessary 
for  accurate  transcription  of  these  genes 
in  vitro.  The  previous  demonstration  that 
there  is  a  specific  nucleolus-associated 
RNA  polymerase  (polymerase  I)  sug- 
gested that  this  enzyme,  when  purified, 
might  be  able  to  recognize  specific  sites 
in  rDNA.  However,  our  initial  studies 
showed  that  polymerase  I  purified  from 
adult  Xenopus  liver  reads  both  strands  of 
rDNA  and,  in. fact,  has  no  greater  spe- 
cificity than  the  nucleoplasmic  RNA 
polymerase  II  or  E.  coli  RNA  polymerase. 
We  have  continued  efforts  to  solubilize 
and  isolate  the  RNA  polymerase  by  al- 
ternative procedures  in  the  hope  of  re- 
taining hypothetical  specificity  factors 
which  may  have  been  lost  in  our  initial 
preparations.  We  have  also  returned 
various  cellular  fractions  (which,  it  was 
hoped,  contained  such  factors)  to  the  pur- 
ified enzymes.  In  addition,  the  specificity 
of  RNA  polymerase  I  has  been  examined 
after  isolation  from  such  diverse  sources 
as  developing  embryos,  maturing  oocytes, 
and  tissue  culture  cells.  To  date,  no  en- 
zyme preparation  has  been  found  that 
will  accurately  transcribe  rDNA.  How- 
ever, recent  results  suggest  that  RNA 
polymerase  I  may  be  heterogeneous.    If 
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this  is  true,  it  is  possible  that  one  of  the 
component  enzymes  will  exhibit  the  de- 
sired specificity. 

Another  approach  has  been  to  study 
the  transcription  of  rDNA  in  isolated 
nuclei  on  the  assumption  that  molecules 
normally  complexed  with  the  genes  are 
necessary  for  accurate  transcription.  The 
endogenous  RNA  polymerase  activity  of 
isolated  nuclei  has  been  studied  with  the 
aid  of  the  toxin  a-amanitin,  which  selec- 
tively inhibits  polymerase  II  without  af- 
fecting polymerase  I  or  III.  Since  the 
level  of  polymerase  I  is  about  20  times 
that  of  polymerase  III,  the  residual  ac- 
tivity in  nuclei  treated  with  a-amanitin  is 
assumed  to  be  primarily  polymerase  I. 

Transcription  of  the  rRNA  cistrons  is 
accurate  in  isolated  nuclei  and  is  un- 
affected by  a-amanitin  (Fig.  8) ;  the 
proper  strand  of  rDNA  is  transcribed  and 
most  of  the  transcription  is  within  the 
18S  and  28S  gene  region.  Only  about 
10%  of  the  newly  made  RNA  is  not 
competed  by  unlabeled  18S  and  28S 
rRNA,  a  result  similar  to  that  obtained 
when  40S  precursor  rRNA  is  hybridized 
and  competed.  Unfortunately,  this  endog- 
enous activity  probably  represents  con- 
tinued elongation  of  RNA  chains  begun 
in  the  living  cells  before  their  nuclei  were 
isolated.  We  have  no  evidence  that  re- 
initiation with  endogenous  RNA  poly- 
merase can  occur  in  isolated  nuclei.  The 
synthesis  shows  plateau  kinetics  which 
cannot  be  attributed  to  nuclease  activa- 
tion or  to  RNA  polymerase  inactivation 
per  se,  since  the  RNA  synthesized  is 
stable,  and  active  enzyme  can  be  ex- 
tracted following  synthesis.  A  several- 
fold  net  synthesis  of  rRNA  (relative  to 
the  amount  of  rDNA)  is  obtained,  but 
this  result  is  compatible  with  the  observa- 
tion of  Miller  that  these  cistrons  have 
many  RNA  polymerase  molecules  per 
cistron,  each  of  which  may  chain-term- 
inate. Isolated  nuclei  thus  appear  to 
continue  transcription  which  had  already 
begun  in  vivo  but  probably  cannot  re- 
initiate transcription  after  they  are 
isolated. 


In  order  to  understand  the  overall  con- 
trol of  RNA  synthesis — including  the 
integration  of  those  mechanisms  which 
regulate  rRNA  synthesis  with  those  which 
govern  the  synthesis  of  other  cellular 
species  of  RNA — it  is  important  to  know 
the  spectrum  of  RNA  species  transcribed 
by  each  RNA  polymerase.  We  have  at- 
tempted to  assess  whether  RNA  poly- 
merase I  transcribes  DNA  other  than 
rDNA  by  analyzing  the  RNA  species 
transcribed  by  isolated  nuclei. 

In  several  experiments  the  amount  of 
rRNA  synthesized  by  isolated  nuclei  was 
measured  by  an  isotope  dilution  method. 
3H-labeled  RNA,  synthesized  by  isolated 
nuclei,  was  mixed  with  a  known  amount 
of  32P-labeled  18S  and  28S  rRNA,  and 
the  mixture  hybridized  to  rDNA  first  in 
the  presence  and  then  in  the  absence  of  a 
100-fold  excess  of  unlabeled  18S  and  28S 
rRNA.  From  the  amount  of  32P  hybrid- 
ization that  occurred,  it  was  possible  to 
calculate  the  efficiency  of  rRNA  hybrid- 
ization in  this  experiment.  Using  this 
value  and  the  amount  of  3H  hybridiza- 
tion that  occurred,  it  was  possible  to  cal- 
culate how  much  3H  rRNA  there  was  in 
the  original  mixture.  Only  hybridization 
which  was  competable  by  unlabeled 
rRNA  was  used  for  the  calculation.  The 
results  of  such  measurements  on  nuclear 
endogenous  cRNA  preparations  made 
under  different  conditions  are  shown  in 
Table  1.  Whether  the  RNA  is  synthesized 
in  a  reaction  with  low  or  high  salt,  rRNA 
is  the  major  product  and  its  synthesis  is 
unaffected  by  a-amanitin.  Under  some 
conditions  (high  salt,  with  a-amanitin), 
rRNA  accounts  for  at  least  90%  of  the 
RNA  made.  This  strengthens  the  conclu- 
sion that  rRNA  is  normally  synthesized 
by  polymerase  I  and  suggests  that  poly- 
merase I  (or  possibly  III)  might  be  re- 
sponsible for  synthesizing  some  other 
RNAs  as  well. 

To  check  this  possibility  in  a  qualita- 
tive fashion,  endogenous  nuclear  cRNA 
was  hybridized  to  DNA  which  had  been 
prefractionated  in  a  CsCl  gradient.    The 
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Fig.  8.  Fidelity  of  rRNA  transcription  in  isolated  nuclei.  3H-labeled  RNA  synthesized  by  iso- 
lated nuclei  in  the  presence  or  absence  of  a-amanitin  was  mixed  with  32P-labeled  RNA  transcribed 
by  E.  colt  RNA  polymerase  from  denatured  rDNA.  The  mixture  was  hybridized  to  strand-sepa- 
rated rDNA  either  with  or  without  competition  by  a  100-fold  excess  of  unlabeled  rRNA. 
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TABLE  1.   Isotope  Dilution  Measurement  of 
rRNA  Synthesis  by  Isolated  Nuclei* 


KC1 


Total  RNA 
a-amanitin        (cpm) 


rRNA  (cpm) 


absent 

absent 

116,320 

51,317  (44%) 

absent 

present 

105,440 

68,331   (64%) 

0.6  M 

absent 

582,960 

200,946  (34%) 

0.6  M 

present 

213,200 

195,459  (91%) 

*  Isolated  nuclei  were  allowed  to  synthesize 
RNA  for  one  hour  in  reaction  mixtures  contain- 
ing all  four  nucleoside  triphosphates  (one  3H- 
labeled),  Mn++  and  Mg++,  and  tris  buffer  at  pH 
8.  KC1  and  a-amanitin  were  added  to  some  re- 
actions as  indicated.  Total  RNA  synthesis  was 
measured  as  acid  precipitable  radioactivity. 
rRNA  synthesis  was  measured  by  isotope  dilu- 
tion as  described  in  the  text. 

result  is  shown  in  Fig.  9.  The  DNA  in 
this  gradient  had  been  enriched  for  rDNA 
by  collecting  selected  fractions  from  an 
initial  Cs2S04-Ag  gradient  of  bulk  DNA. 
These  fractions  were  then  pooled,  rerun  in 
CsCl,  and  used  for  hybridization.  The 
rDNA  is  sufficiently  enriched  as  to  appear 
as  a  distinct  shoulder  in  the  absorbance 
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Fig.  9.  Hybridization  of  nuclear  RNA  to  frac- 
tionated DNA.  RNA  synthesized  by  isolated 
nuclei  in  the  presence  of  a-amanitin  was  hybrid- 
ized to  DNA  fractionated  first  on  a  Cs2S04-Ag 
density  gradient  and  then  on  a  CsCl  density 
gradient  to  enrich  for  rDNA. 


profile.  A  sharp  peak  of  hybridization 
occurs  over  the  rDNA  as  expected.  How- 
ever, RNA  made  in  the  presence  of 
a-amanitin  also  hybridized  to  other  re- 
gions of  the  gradient,  showing  that  other 
genes  besides  those  for  rRNA  have  been 
transcribed.  At  the  moment  we  cannot 
tell  whether  this  other  transcription  was 
due  to  polymerase  I  or  polymerase  III. 

Isolation   and   Identification   of   the 

Messenger  RNA  for  Silk  Fibroin 

from  Bombyx  mori 

Y.  Suzuki 

Our  reasons  for  selecting  the  mRNA 
for  fibroin  as  a  good  messenger  RNA  for 
isolation  were  described  in  Year  Book  68, 
p.  509,  and  Year  Book  69,  p.  571.  This 
silk  protein  consists  largely  of  four  amino 
acids — glycine,  alanine,  serine,  and  tyro- 
sine— whose  arrangement  for  the  most 
part  has  been  determined.  Glycine  resi- 
dues alternate  throughout  most  of  the 
molecule,  and  60%  of  the  protein  consists 
of  a  simple  repetitious  polypeptide  (Table 
2).  The  predicted  mRNA  sequence  for 
this  polypeptide  is  also  shown  in  Table 
2.  The  mRNA  for  the  entire  fibroin  mole- 
cule should  have  a  minimum  GC  content 
of  57%  with  a  very  high  G  content.  The 
search  for  this  unusual  RNA  was  ham- 
pered initially  because  the  molecular 
weight  of  fibroin  and,  by  deduction,  that 
of  its  mRNA,  had  not  been  measured 
accurately.  Tashiro  et  at.,  however,  re- 
ported in  1970  that  fibroin  isolated  di- 
rectly from  the  silk  gland  is  about  3.7  X 
105  daltons,  and  it  reversibly  splits  into 
two  polypeptides  of  similar  size  (1.7  X 
105  daltons)  after  treatment  with  2  ml 
dithiothreitol.  For  this  reason  a  high 
molecular  weight  mRNA  was  sought. 
Figure  10  shows  a  sucrose  gradient  which 
compares  32P-RNA  synthesized  within  a 
24-hour  period  by  the  posterior  silk  gland, 
the  middle  silk  gland,  and  the  car- 
cass of  a  fifth  instar  larva  just  be- 
fore the  stage  when  the  posterior  silk 
gland  begins  to  synthesize  large  amounts 
of    fibroin.     The    high-molecular-weight 
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TABLE  2.   The  Structure  of  Fibroin,  Codon  Assignment,  and 
Proposed  Nucleotide  Sequence  for  the  mRNA 


A  repetitious  peptide  sequence* 
Gly-Ala-Gly-Ala-Gly-[Ser-Gly-(Ala-Gly)2]b-Ser-Gly-Ala-Ala-Gly-Tyr 

The  proposed  mRNA  sequence** 


GGX-GCY-GGX-GCY-GGX- 


UCZ 

or-GGX  (GCY-GGX): 

■  U 


AG 


C 


ucz 


or-GGX-GCY-GCY-GGX-UA 


AGU 
C 


*  This  polypeptide  comprises  60%  of  fibroin.  The   overall   percent   amino   acid   composition   of 
fibroin  is  glycine: alanine: serine: tyrosine: minor  amino  acids  =  46:29:12:5:8. 


**  Codons  . 
Y,  and  Z  can  be  U,  G,  A,  or  C  residue 


Glycine :GGX,  Alanine :GCY,  Serine: UCZ  or   AG^,  Tyrosine :UA^  where   X, 


RNAs  (45  to  65S)  from  the  regions  in- 
dicated by  bars  in  Fig.  10  were  fraction- 
ated further  on  acrylamide  gels,  and  their 
base  composition  was  measured.  Table  3 
summarizes  the  base  composition  of  vari- 
ous 32P-RNA  fractions  from  Bombyx 
larvae.  Only  the  45  to  65S  fraction  from 
the  posterior  silk  gland  had  a  uniquely 
high  GC  content.  This  RNA  fraction  had 
a  particularly  high  G  content,  which 
made  it  still  more  likely  to  be  the  fibroin 
mRNA. 

This   high   GC  RNA   behaves  like   a 
stable  RNA.  It  was  difficult  to  detect  in 


a  one-hour  pulse  when  heterogeneous 
DNA-like  RNA  and  rRNA  precursors 
predominated.  It  became  more  abundant 
after  six  hours  of  labeling. 

The  definitive  proof  that  the  high  GC 
RNA  is  the  mRNA  for  fibroin  has  come 
from  partial  sequence  studies.  RNase  Ti 
digests  RNA  between  guanylic  acid  and 
the  adjacent  nucleotide.  From  this  fact 
and  the  predicted  simple  nucleotide  se- 
quence of  the  mRNA  shown  in  Table  2, 
the  composition  of  oligonucleotides  from 
an  RNase  Ti  digest  was  predicted  (Table 
4).     For    simplicity    we    assumed    that 


E 
o 

CD 
<\J 

Q 
O 


20  40 

Fraction    number 


20 


40 


Fig.  10.  Sucrose  gradient  centrifugation  of  B.  mori  (32P)-RNA.  Into  a  larva  of  day  4  in  the  fifth 
instar  450  fie  of  32P  was  injected.  After  24  hours  the  RNAs  were  extracted  and  1.7  mg  of  RNA  was 
applied  to  each  sucrose  gradient. 
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TABLE  3.   The  Base  Composition  of  32P-RNAs  from  Bombyx  mori, 

in  Molar  Percent 


RNA  Size 

Tissue  Origin 

U(T) 

G 

A 

C 

GC 

Ribosomal 

40S\ 

/26.6 

28.1 

25.1 

20.3 

48.4 

30Si 

125.5 

28.8 

25.1 

20.6 

49.4 

28SV 
18S/ 

posterior  silk  gland 

724.6 
\26.4 

28.9 

27.8 

24.9 
25.5 

21.6 
20.2 

50.5 
48.0 

4SRNA1 

123.1 

30.6 

20.0 

26.4 

57.0 

45-65S    / 

\22.1 

40.0 

19.0 

18.9 

58.9 

45-65S 

middle  silk  gland 

25.1 

22.2 

30.3 

22.4 

44.6 

45-65S 

carcass 

27.3 

21.4 

33.6 

17.7 

39.1 

DNA 

ovaries 

30.5 

19.5 

30.5 

19.5 

39.0 

neither  X,  Y,  nor  Z  in  Table  2  was  a  G 
residue.  This  assumption  was  verified 
later  by  analysis  of  the  oligonucleotides 
produced  by  pancreatic  RNase  digestion. 
Two  different  patterns  of  oligonucleotide 
distribution    are    predicted,    depending 


upon  the  serine  codon.  In  the  predictions 
given  in  Table  4  there  are  some  features 
to  be  emphasized.  First,  the  oligonucleo- 
tide pattern  is  extremely  simple.  Second, 
tetranucleotides  and  hexanucleotides  are 
missing.     Third,    if   UCZ    is   the    serine 


TABLE  4.    Oligonucleotides  Predicted  and  Found  after  RNase  Ti 
Digestion  of  Fibroin  mRNA 


ne  Predicted 

%  Found 

Serine  Codon 

UCZ 

AG^ 

Mono- 

Gp 
Di- 

16.4 

16.4 

Gp 

19.0 

XpGp 

21.5 

21.5 

UpGp 
ApGp 

9.6 
6.8 

cpGp 

0 

10.2 

CpGp 

2.1 

Tri- 

CpYpGp 
XpApGp 

Tetra- 
Penta- 

33.9 
0 

0 

33.9 
15.3 

0 

CpUpGp 

(Cp,Ap)Gp 

CpCpGp 

ApApGp 

(Up,Ap)Gp 

UpUpGp 
* 

16.9 
4.1 
2.0 
1.6 
1.4 
1.2 
4.1 

XpUpCpApGp 

25.4 

0 

(2Up,Cp)ApGp 
(2Ap,Up,Cp)Gp 

8.1 
3.5 

XpUpAp^pGp 

2.8 

2.8 

(2Cp,Up)ApGp 
+  (Cp,Up,ApCp)Gp 

1.7 

Hexa- 
>  Hepta- 

0 
0 

0 
0 

* 
* 
* 

3.5 

4.7 
9.6 

*  Not  analyzed  further. 
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codon,  there  should  be  a  large  fraction 
of  pentanucleotides.  In  contrast,  if  the 
serine  codon  is  AGU  or  AGC,  about  50% 
of  the  digest  would  be  trinucleotides 
while  only  3%  of  the  nucleotides  would 
be  present  as  pentanucleotides. 

The  purified  mRNA  fraction  as  shown 
in  Fig.  11  was  digested  with  RNase  T\ 
and  the  oligonucleotides  were  fraction- 
ated on  a  DEAE-Sephadex  column  (Fig. 
12).  Tetranucleotides  and  hexanucleo- 
tides  were  practically  absent  but  the 
digest  contained  a  high  level  of  penta- 
nucleotides. The  results  agree  well  with 
the  predicted  oligonucleotide  pattern  of 
the  fibroin  mRNA  if  the  major  serine 
codon  is  UCZ.  The  oligonucleotide  pat- 
tern obtained  by  an  RNase  Ti  digest  of 
the  40S  rRNA  precursor  molecule  is  also 
shown  in  Figure  12;  it  is  entirely  different 
from  that  of  the  mRNA. 

The  oligonucleotides  having  a  certain 
chain  length  from  the  DEAE-Sephadex 
column  were  further  subfractionated  on 
Dowex  1-X2  columns  and  each  compo- 
nent was  sequenced.  The  summary  of 
these  analyses  is  shown  in  Table  4.  The 
major  components  found  in  each  oligo- 
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Fig.  11.  Purification  of  fibroin  mRNA  by  gel 
electrophoresis.  The  rapidly  sedimenting  (32P)- 
RNA  from  a  sucrose  gradient  centrifugation  of 
RNA  from  the  posterior  gland  was  pooled  and 
applied  to  a  1.8%  polyacrylamide  gel  contain- 
ing agarose.  The  solid  thin  line  is  the  absorb- 
ance  as  scanned  by  a  Chromoscan  at  265  m/x. 
The  absorbancy  units  are  arbitrary.  Each  gel 
slice  was  counted  by  Cerenkov  radiation.  The 
(32P)-RNA  in  the  peak  region  contained  39% 
G  and  19%  C  (58%  GC). 


nucleotide  fraction  agree  well  with  those 
which  had  been  predicted.  These  results 
not  only  confirm  the  identification  of 
this  RNA  as  the  mRNA  for  fibroin, 
but  in  addition  give  the  major  codons 
of  the  three  principal  amino  acids  in 
fibroin.  In  order  of  their  abundance  in 
the  mRNA,  the  glycine  codons  are  GGU, 
GGA,  and  GGC.  The  major  alanine 
codon  is  GCU,  and  the  major  serine 
codon  is  UCA.  The  possibility  that  most 
of  either  X,  Y,  or  Z  could  be  a  G  residue 
was  ruled  out  by  the  partial  sequence 
analyses  of  the  oligonucleotides  produced 
by  pancreatic  RNase  digestion. 

The  purity  of  an  mRNA  preparation 
can  be  estimated  by  two  methods.  The 
amino  acid  composition  of  fibroin  and  the 
appropriate  codon  assignments  predict 
that  the  GC  content  of  the  pure  mRNA 
should  not  exceed  65%.  The  highest  GC 
content  of  the  actual  mRNA  preparation 
was  63%  although  those  of  several  prep- 
arations averaged  59  ±  4%.  This  sug- 
gests that  the  best  preparation  was  about 
90%  pure.  The  other  criterion  is  the 
abundance  of  tetranucleotides  in  the 
RNase  Ti  digest.  Digests  of  rRNA  or 
nuclear  heterogeneous  RNA  have  about 
15%  of  their  nucleotides  present  as  tetra- 
nucleotides, whereas  the  digest  of  the 
best  mRNA  preparation  had  about  3%. 
If  we  assume  that  all  the  tetranucleotides 
come  from  contaminants,  we  can  conclude 
that  the  preparation  was  at  least  80% 
pure. 

This  is  the  first  isolation  of  a  messenger 
RNA  of  known  function  in  sufficient  pur- 
ity that  it  can  be  analyzed  by  the  kinds 
of  physical-chemical  techniques  previ- 
ously reserved  for  structural  RNAs  such 
as  rRNA  and  tRNA.  This  will  make  it 
possible  for  the  first  time  to  analyze  the 
stability,  rates  of  synthesis,  and  transfer 
from  nucleus  to  cytoplasm  of  a  specific 
mRNA.  The  system  is  ideally  suited  for 
studies  relating  to  both  transcriptional 
and  translational  control.  In  addition,  we 
expect  to  measure  the  number  of  genes 
for  fibroin  in  various  cell  types  oiBombyx 
and   ultimately   to   isolate   the   gene(s) 
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Fig.  12.  The  fractionation  of  oligonucleotides  produced  by  RNase  Ti  digestion  of  the  mRNA, 
compared  with  those  derived  from  the  40S  rRNA  precursor.  The  (32P)-RNA  preparations  were  di- 
gested with  RNase  Ti  together  with  500  fig  of  carrier  E.  coli  sRNA,  and  each  digest  was  fraction- 
ated on  a  DEAE-Sephadex  A25  column  (0.6  X  25  cm)  with  an  NaCl  gradient  in  the  presence  of 
7  M  urea.  Absorbance  due  mostly  to  carrier  RNA  was  recorded  by  an  ISCO  spectrophotometer. 
The  roman  numerals  in  the  figure  stand  for  the  chain  length  of  oligonucleotides  in  each  peak. 
Radioactivity  in  each  fraction  was  counted  by  its  Cerenkov  radiation. 


using  this  well-defined  mRNA  for  specific 
molecular  hybridization  with  the  DNA. 

POLYPLOIDIZATION  OF  THE  SlLK  GLAND 

in  Bombyx  mori 

L.  P.  Gage 

The  silk  gland  of  Bombyx  mori  grows 
dramatically  during  larval  development 
without  increase  in  its  cell  number.  The 
DNA  content  increases  concomitantly  at 
least  ten  thousand-fold  to  about  0.1  /xg 


per  cell.  This  increase  has  been  called 
"polyploidization,"  but  it  has  not  been 
shown  to  be  a  uniform  replication  of  all 
the  animal's  DNA.  We  wish  to  determine 
whether  the  replication  is  uniform,  or, 
alternatively,  whether  there  is  differential 
replication  of  specific  nucleotide  se- 
quences. 

Two  examples  of  differential  replica- 
tion have  been  clearly  demonstrated.  A 
selective  amplification  of  the  DNA  en- 
coding the  large  ribosomal  RNAs  takes 


40 


CARNEGIE     INSTITUTION 


place  during  Xenopus  laevis  oogenesis,  so 
that  rDNA  finally  constitutes  about  two 
thirds  of  the  mature  oocyte's  DNA;  sec- 
ondly, in  Drosophila,  most  of  the  repeti- 
tive, heterochromatic  DNA  is  excluded 
from  replication  during  polytenization  of 
the  salivary  gland,  causing  dilution  of 
these  nucleotide  sequences.  Such  differ- 
ential replication  processes  undoubtedly 
are  required  for  the  special  function  of 
their  cell  types,  and  since  massive  syn- 
thesis of  the  major  silk  protein,  fibroin 
(up  to  0.5  mg  per  cell) ,  occurs  only  after 
the  DNA  is  increased,  a  test  of  fibroin 
gene  amplification  during  the  increase 
seems  particularly  important.  Amplifica- 
tion of  a  gene  coding  for  a  specific  protein 
has  not  yet  been  shown.  Initial  experi- 
ments described  here  have  limited  the 
extent  to  which  differential  replication  of 
Bombyx  mori  DNA  has  occurred  in  the 
specialized  polyploid  cells  of  the  silk 
gland. 

The  polyploidization  process  could  best 
be  studied  by  comparison  of  the  DNA  of 
mature  glands  with  that  of  haploid  or 
diploid  cells.  Silkworm  carcass  DNA  was 
used  as  the  control  for  this  analysis  be- 
cause of  the  absence  of  a  suitable  source 
of  cells  known  to  be  diploid.  We  do  not 
know  whether  carcass  cells  are  diploid, 
but  they  are  at  least  three  orders  of  mag- 
nitude smaller  than  posterior  or  middle 
silk  gland  cells  in  nuclear  volume  and 
DNA  content. 

Large  alterations  in  nucleotide  se- 
quence abundance  could  accompany  silk 
gland  polyploidization,  but  extreme  ex- 
amples of  this  were  immediately  ruled 
out  by  thermal  denaturation  and  buoyant 
density  comparisons  of  carcass  and  silk 
gland  DNA.  The  Tm  of  each  DNA  cor- 
responds to  an  average  guanine  plus 
cytosine  content  of  39%,  equal  to  that 
reported  for  Bombyx  mori  embryo  and 
pupa  DNA.  These  DNAs  also  formed 
identical  homogeneous  bands  in  CsCl 
equilibrium  density  gradients,  even  when 
the  DNAs  were  sheared  to  10,  5,  and  2.5 
million  daltons.  Furthermore,  the  silk 
fibroin  gene  clearly  constitutes  less  than 


2%  of  the  DNA  in  the  posterior  gland 
before  and  after  polyploidization.  A 
larger  fraction  would  have  been  detected, 
since  the  fibroin  gene  is  predicted  to  be 
about  60%  GC,  and  DNA  of  this  base 
composition  would  band  as  a  satellite 
separate  from  the  bulk  DNA. 

Deciding  between  subtler  forms  of  dif- 
ferential replication  and  uniform  replica- 
tion requires  more  sensitive,  sequence- 
specific  tests.  If  one  class  of  nucleotide 
sequences  becomes  a  larger  fraction  of 
the  DNA,  other  classes  necessarily  are 
diluted.  Consequently,  a  comparison  of 
the  concentrations  of  any  nucleotide  se- 
quence in  carcass  and  silk  gland  DNA 
could  be  revealing.  The  ribosomal  genes 
were  assayed  for  this  purpose  by  hybrid- 
ization of  CsCl-fractionated  DNA  with 
nearly  saturating  quantities  of  labeled 
rRNA  prepared  from  X.  laevis  tissue  cul- 
ture cells.  The  ratio  of  radioactivity  in 
the  hybrid  to  quantity  of  DNA  in  the 
reaction  is  proportional  to  the  concentra- 
tion of  rDNA.  These  ratios  were  found 
to  be  the  same  for  DNA  from  the  carcass, 
the  middle  gland,  and  the  posterior  gland 
(Fig.  13).  Similar  experiments  using 
labeled  rRNA  and  4S  RNA  from  Bombyx 
mori  gave  the  same  result.  This  experi- 
ment demonstrated  that  the  genes  coding 
for  these  RNAs  increased  during  poly- 
ploidization to  the  same  extent  as  the 
bulk  DNA,  but  did  not  rule  out  the  pos- 
sibility that  a  small  fraction  of  the 
genome  was  replicated  many  times  more 
than  the  remainder  of  the  DNA  but  still 
did  not  come  to  comprise  more  than  a  few 
percent  of  the  DNA.  If  this  had  occurred, 
it  might  be  detected  by  comparing  com- 
plementary RNA  transcribed  from  the 
bulk  DNAs  of  the  various  tissues.  If  one 
DNA  has  more  copies  of  a  select  region  of 
its  genome,  it  should  code  for  more  cRNA 
transcripts  of  these  sequences,  which  in 
turn  will  hybridize  more  efficiently  with 
the  DNA  having  the  increased  number  of 
gene  copies.  3H-labeled  and  32P-labeled 
RNA  was  synthesized  from  denatured 
purified  carcass,  middle-gland,  and  pos- 
terior-gland  DNA,  using  E.   coli  RNA 
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Fig.  13.  The  relative  concentrations  of  rDNA  in  DNA  isolated  from  the  carcass  and  the  middle 
and  posterior  silk  glands  of  B.  mori.  The  three  DNAs  were  centrifuged  to  equilibrium  in  CsCl,  and 
the  DNA  in  each  fraction  was  denatured  and  immobilized  on  a  nitrocellulose  filter.  All  of  the 
DNA  filters  were  hybridized  together  with  (3H)-rRNA  (1  /xg/ml,  3.7  X  105  cts  /mining).  Closed 
circles,  cts/min  hybridized;  solid  lines,  A260mn  (arbitrary  scale).  The  number  in  each  figure  expresses 
the  quantity  of  labeled  rRNA  bound  per  unit  DNA  in  units  normalized  so  that  the  value  for  carcass 
DNA  is  1.0. 


polymerase;  the  cRNAs  were  mixed  in 
pairs  and  hybridized  with  their  DNAs. 
In  this  way,  simultaneous  comparisons  of 
the  homologous  and  heterologous  hybrid- 
ization can  be  made  under  virtually  iden- 
tical reaction  conditions,  so  that  any  dif- 
ference in  the  ratio  of  hybridization  of 
the  two  RNAs  to  the  DNAs  indicates 
that  the  DNAs  differ.  For  increased  sen- 
sitivity, the  DNA  was  fractionated  ac- 
cording to  its  buoyant  density  prior  to 
hybridization.  Only  the  repetitive  DNA 
fraction  was  examined,  since  the  reaction 
conditions  were  such  that  only  this  frac- 
tion could  take  part  in  hybrid  formation. 
The  kinetics  of  silkworm  DNA  reasso- 
ciation  indicate  that  the  repetitive  frac- 
tion constitutes  less  than  20%  of  the  total 
DNA.  We  estimate  that  a  change  in  as 
little  as  5%  of  this  fraction  would  be  de- 
tected. Thus  a  selective  amplification  of 
one  DNA  sequence  until  it  constituted 
1%  of  the  total  DNA  should  be  detect- 
able by  this  technique. 
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Fig.  14.  Comparison  of  the  hybridization  of  B. 
mori  posterior  gland  and  carcass  DNA  with  their 
cRNAs.  The  two  DNAs  were  fractionated  in 
CsCl  and  the  fractions  immobilized  on  filters  for 
hybridization.  Radioactive  cRNAs  were  pre- 
pared from  posterior  gland  DNA  (3H-CTP)  and 
carcass  DNA  (a-32P-CTP)  with  E.  coli  RNA 
polymerase.  The  cRNAs  were  mixed  and  hy- 
bridized with  filters  containing  DNA.  The  upper 
part  of  each  figure  expresses  the  level  of  labeled 
RNA  hybridized  to  each  fraction  of  DNA.  The 
arrow  indicates  the  center  of  the  band  of  DNA 
in  the  gradient.  The  lower  part  of  each  figure 
plots  the  isotope  ratios  for  each  fraction. 
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A  typical  result  is  the  comparison  of 
carcass  and  posterior  gland  DNA  shown 
in  Fig.  14.  The  ratio  of  hybridization  to 
the  two  DNAs  is  the  same  across  the 
gradient.  Clearly  little,  if  any,  change 
has  taken  place  in  the  repetitive  sequence 
fraction  during  polyploidization.  In  par- 
ticular, the  hybrid  ratios  on  the  heavy 
side  of  the  main  band  argue  against  any 
significant  amplification  of  highGC  DNA 
(fibroin  genes). 

The  experiments  described  here  indi- 
cate that  the  highly  polyploid  DNA  in 
posterior  and  middle  silk  glands  is  not 
demonstrably     different     from     carcass 


DNA.  If  less  than  1%  of  the  DNA  had 
been  selectively  amplified,  it  would  not 
have  been  detected  by  these  experiments. 
In  collaboration  with  Yoshiaki  Suzuki, 
the  relative  concentration  of  the  fibroin 
genes  in  DNA  of  the  carcass  and  of  the 
mature  posterior  silk  gland  is  being  de- 
termined. This  measurement  should  re- 
veal small  changes  in  gene  abundance 
within  the  posterior  gland,  and  answer 
the  question  of  specific  gene  amplification 
during  silk  gland  development  for  the 
gene(s)  most  characteristic  of  its  differ- 
entiated state. 


BIOGENESIS    OF     MITOCHONDRIA 


Mitochondrial  RNA  from  Rana  pipiens 

I.  B.  Dawid  and  J.   W.   Chase 
with  the  assistance  of  M .  Rebbert 

In  previous  Year  Books  (67,  p.  418; 
68,  p.  514;  69,  p.  567)  we  have  described 
the  properties  of  the  major  RNA  species 
from  mitochondria  of  Xenopus  laevis. 
Here  we  wish  to  summarize  experiments 
with  the  leopard  frog,  Rana  pipiens. 

Mitochondria  from  ovaries  of  R. 
pipiens,  like  those  from  X.  laevis,  con- 


28S 


Large 


Fig.  15.  Gel  electrophoresis  of  mitochondrial 
RNA.  The  gels  were  traced  in  the  ultraviolet. 
The  origin  is  on  the  left.  The  top  trace  shows 
mitochondrial  RNA  from  X.  laevis,  which  con- 
tains the  large  and  small  mitochondrial  rRNAs, 
contaminating  cytoplasmic  28S  and  18S  RNA, 
and  4S  RNA.  The  middle  trace  shows  R.  pipiens 
RNA  containing  the  large  and  small  mitochon- 
drial rRNAs  and  4S  RNA.  The  bottom  trace 
shows  the  contaminating  cytoplasmic  rRNA 
separated  from  the  X.  laevis  mitochondria. 


tain  three  major  RNA  species,  the  large 
and  small  mitochondrial  ribosomal  RNA 
(rRNA)  and  4S  RNA  (Fig.  15).  Prep- 
arations from  R.  pipiens  mitochondria  are 
free  from  contaminating  cytoplasmic  28S 
and  18S  RNA  which  always  accompany 
X.  laevis  mitochondria.  Mitochondrial 
RNA  from  the  two  species  were  compared 
with  respect  to  several  chemical  and 
physical  properties.  These  proved  to  be 
very  similar.  The  nucleotide  composition 
of  each  mitochondrial  RNA  component 
in  R.  pipiens  (Table  5)  is  the  same, 
within  the  limits  of  error  of  these  deter- 
minations, as  the  composition  of  the  anal- 
ogous X.  laevis  RNA.  The  secondary 
structure  of  mitochondrial  RNA  was 
studied  by  recording  optical  melting  pro- 
files. It  was  found  to  be  considerably 
less  compact  than  the  structure  of  bac- 
terial or  cytoplasmic  RNA,  which  corre- 

TABLE  5.    Nucleotide  Composition  oiR.  pipiens 
Mitochondrial  RNA,  in  Molar  Percent* 


Nucleotide 


Large 
rRNA 


Small 
rRNA 


4SRNA 


c 

21 

22 

22 

A 

35 

33 

29 

G 

19 

19 

23 

U 

25 

26 

25 

GC 

40 

41 

45 

*Mean  of  two  determinations. 
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lates  with  the  difference  in  GC  content. 
Mitochondrial  rRNA  from  X.  laevis  and 
R.  pipiens  was  also  very  similar  with  re- 
spect to  electrophoretic  and  sedimenta- 
tion behavior.  In  either  animal  the  large 
mitochondrial  rRNA  sediments  at  a  rate 
a  few  percent  slower  than  cytoplasmic 
18S  rRNA,  while  the  small  mitochondrial 
rRNA  sediments  at  about  0.7  times  the 
rate  of  18S  RNA.  In  electrophoresis  both 
mitochondrial  rRNA  molecules  travel 
more  slowly  than  expected  from  their 
sedimentation  rate,  and  their  electro- 
phoretic mobility  is  strongly  dependent 
on  the  conditions  of  electrophoresis. 
Therefore,  electrophoresis  cannot  be  used 
to  obtain  an  estimate  of  the  molecular 
weight  of  mitochondrial  rRNA.  The 
molecular  weight  of  X.  laevis  mitochon- 
drial rRNA  has  been  estimated  by  sedi- 
mentation studies  under  denaturing  con- 
ditions. The  molecular  weights  obtained 
are  5.3  X  105  for  the  large  rRNA,  and 
3.0  X  105  for  the  small  rRNA.  Such 
experiments  were  not  carried  out  with 
R.  pipiens  RNA,  but  the  similarity  of  the 
RNA  from  the  two  species  suggests  that 
the  sizes  should  be  very  similar  if  not 
identical. 

The  mitochondrial  ribosome  (see  Year 
Book  69,  p.  576)  and  its  RNA  compo- 
nents in  frogs,  and  probably  in  all  verte- 
brate animals,  are  the  smallest  known. 
The  functional  implications  of  this  fact 
remain  unknown. 

The  Absence  of  5S  RNA  from 
Xenopus  laevis  Mitochondria 

/.  B.  Dawid  and  J .  W.  Chase 

Ribosomes  from  bacteria  and  from 
eukaryote  cytoplasm  contain  three  struc- 
tural RNA  components :  two  large  rRNAs 
and  a  smaller  component,  5S  RNA.  The 
identification  of  the  mitochondrial  ribo- 
some and  its  two  high-molecular-weight 
RNA  components  in  X.  laevis  and  in 
other  animals  raised  the  question  of 
whether  these  ribosomes  contained  5S 
RNA  or  a  functionally  analogous  mole- 


cule. To  test  this  question,  we  prepared 
mitochondrial  RNA  from  X.  laevis  eggs 
and  subjected  it  to  polyacrylamide  gel 
electrophoresis.  Figure  16  shows  such  an 
analysis  on  9%  polyacrylamide  gels 
which  afford  good  resolution  of  small 
RNA  molecules.  The  upper  trace  shows 
a  separation  of  cytoplasmic  5S  and  4S 
RNA ;  the  lower  trace  presents  mitochon- 
drial RNA.  Two  points  are  apparent: 
(1)  Mitochondrial  and  cytoplasmic  4S 
RNA  travel  at  the  same  rate ;  because  of 
this  fact  and  since  these  RNAs  also  travel 
at  the  same  rate  in  sedimentation,  we 
conclude  that  the  average  size  of  mito- 
chondrial and  cytoplasmic  4S  RNA  is  the 
same.  (2)  5S  RNA  is  absent  from  the 
mitochondrial  preparation.  We  estimate 
from  this  and  similar  gels  that  we  would 
have  detected  5S  RNA  in  the  mitochon- 
dria if  it  occurred  at  a  concentration  of 
0.3  molecule  per  ribosome.  A  peak  with 
a  mobility  intermediate  between  that  of 


4S 


Fig.  16.  Gel  electrophoresis  of  low-molecular- 
weight  RNA.  Top  trace,  cytoplasmic  4S  RNA 
and  5S  RNA.  Bottom  trace,  mitochondrial  RNA 
from  X.  laevis  eggs. 
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45  and  that  of  5S  RNA  was  reproducibly  between  the  two  DNAs.  We  have  used 
observed  in  these  gels.  This  molecule  this  property  to  study  the  pattern  of  in- 
could  carry  out  the  "5S  function"  in  heritance  of  mitochondrial  DNA  in  hy- 
mitochondria,  or  another  molecule  with  brid  progeny  between  X.  laevis  and  X. 
an  electrophoretic  mobility  equal  to  that  mulleri.  In  a  number  of  reciprocal  crosses 
of  4S  RNA  could  be  responsible  for  this  the  hybrid  frogs  contained  exclusively 
function.  While  it  is  clear  that  mito-  maternal  mitochondrial  DNA.  We  con- 
•chondria  do  not  contain  5S  RNA,  the  elude  therefore  that  progeny  mitochon- 
question  regarding  a  possible  third  struc-  dria  are  derived  from  egg  mitochondria, 
tural  RNA  in  mitochondrial  ribosomes  To  determine  whether  the  pattern  of  in- 
remains  open.  heritance  is  continually  cytoplasmic  we 

have  tested  the  mitochondrial  DNA  in 

Evolution  and  Inheritance  of  the  oocytes  of  hybrid  frogs  and  in  F2 

Mitochondrial  DNA  progeny.  These  experiments  suggest  that 

animal  mitochondrial  DNA  is  inherited 

/.  B   Dawid  in  collaboration  with  A.  W.  maternally  and  cytoplasmically. 
Blackler    of    Cornell    University,    and 

with   the  assistance   of  M.  Rebbert  ^                            ,  T 

Biogenesis  of  Mitochondria  during 

As  we  have  already  observed,  X.  laevis  Development 

and  X.  mulleri  are  related  species  which  j   w   chase 
can    be    crossed   to    give   viable    hybrid 

progeny.  A  comparative  study  of  mito-  Our  study  of  mitochondrial  biogenesis 
chondrial  DNA  in  these  animals  has  led  in  X.  laevis  development  has  been  con- 
to  the  following  conclusions.  tinued  (Year  Book  68,  p.  517,  and  Year 

Mitochondrial  DNA  from  X.  laevis  Book  69,  p.  578) .  As  previously  reported, 
and  A",  mulleri  are  indistinguishable  in  the  content  of  mitochondrial  protein  in 
size  and  nucleotide  composition.  How-  the  unfertilized  egg  is  about  10  /xg.  This 
ever,  the  sequences  of  the  two  DNAs  are  value  does  not  change  until  after  hatching 
remarkably  different.  While  the  se-  (stages  37-39,  according  to  the  Nieuw- 
quences  coding  for  rRNA  are  very  similar  koop-Faber  staging  series) ,  then  increases 
in  the  two  animals,  other  sequences  in  the  linearly  and  has  doubled  by  stage  45  (feed- 
DNA  (those  not  transcribed  into  stable  ing).  Cytochrome  oxidase  activity  is 
products  in  vivo)  have  evolved  to  such  an  about  0.03  juatom  oxygen/min/egg  in  the 
extent  that  one  can  barely  detect  any  unfertilized  egg,  remains  constant  until 
homology  by  hybridization  under  strin-  stages  37  to  39,  and  doubles  by  the  feed- 
gent  conditions.  This  fact  suggests  that  a  ing  stage. 

different  degree  of  selective  pressure  acts  The  content  of  mitochondrial  DNA 
on  the  sequences  coding  for  rRNA  as  in  embryos  was  determined  by  a  hybrid- 
compared  to  other  sequences  in  mito-  ization  method  which  consisted  of  hy- 
chondrial  DNA.  One  possible  interpreta-  bridizing  varying  amounts  of  mitochon- 
tion  of  this  phenomenon  suggests  that  drial  DNA  with  labeled  complementary 
mitochondrial  DNA  codes  only  for  rRNA  RNA  (cRNA)  transcribed  from  highly 
and  4S  RNA  and  that  the  remaining  se-  purified  mitochondrial  DNA  by  E.  coli 
quences  in  this  DNA  are  (transcribed  or  RNA  polymerase.  The  hybridization 
nontranscribed)  spacer  sequences.  Since  level  of  the  DNA  from  a  crude  mito- 
spacers  do  not  code  for  any  final  product,  chondrial  pellet  was  compared  with  the 
their  sequences  are  free  to  evolve  rapidly,  hybridization    of    known    quantities    of 

Irrespective  of  the  interpretation  of  the  mitochondrial  DNA.  Figure  17  shows  the 

large    sequence    divergence    between   X.  results  of  such  analyses  with  embryos  at 

laevis    and    X.    mulleri    mitochondrial  different  stages  of  development.  In  addi- 

DNA,  this  fact  allows  an  easy  distinction  tion,  incorporation  studies  using   14C02 
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Fig.  17.  Content  of  mitochondrial  DNA  in  embryos  of  X.  laevis  during  development.  Open  cir- 
cles, values  determined  by  the  hybridization  assay  (see  text) ;  closed  circle,  mean  of  several  de- 
terminations of  mitochondrial  DNA  in  unfertilized  eggs  by  isolation  and  assay  by  UV  absorbance 
(3.8  ng). 


were  carried  out  to  study  the  synthesis  of 
mitochondrial  DNA  in  embryos.  These 
experiments  indicate  that  the  synthesis 
of  mitochondrial  DNA  proceeds  at  a  low 
rate  before  stage  30  and  increases  more 
than  fourfold  around  stage  32.  Synthesis 
and  accumulation  then  proceed  at  an  ap- 
parently constant  rate.  Stage  45  embryos 
contain  twice  the  amount  of  mitochon- 
drial DNA  as  the  unfertilized  egg. 

Mitochondrial  RNA  consists  predomi- 
nantly of  the  two  RNA  components  of 
the  specific  mitochondrial  ribosome  and 
of  4S  RNA.  The  total  content  of  mito- 
chondrial rRNA  per  embryo  during  em- 
bryogenesis  has  been  determined  by  poly- 
acrylamide  gel  electrophoresis  (Fig.  18) . 
In  addition,  the  synthesis  of  mitochon- 
drial rRNA  was  studied  using  the  14C02 
labeling  technique  (Year  Book  69,  p. 
578).  The  results  of  incorporation  and 
accumulation  measurements  indicate  that 
mitochondrial  rRNA  synthesis  begins,  or 
increases  more  than  eightfold  from  a  pre- 
vious low  level,  at  stage  10  (early  gas- 
trula).  Accumulation  then  proceeds  at  a 
constant  rate  up  to  stage  45.  By  stage  45 
the  content  of  both  mitochondrial  rRNAs 


per  embryo  has  doubled  from  the  level  in 
the  unfertilized  egg. 

Mitochondrial  rRNA  newly  synthe- 
sized during  embryogenesis  has  a  half  life 
of  about  50  hours,  similar  to  that  of  cyto- 
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Fig.  18.  Accumulation  of  mitochondrial  rRNA 
during  embryogenesis,  assayed  by  polyacryl- 
amide  gel  electrophoresis.  Closed  circles,  large 
mitochondrial  rRNA ;  open  circles,  small  mito- 
chondrial rRNA.  Eggs  contain  about  13.0  ng  of 
the  large  and  6.9  ng  of  the  small  mitochondrial 
rRNA. 
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plasmic  rRNA.  The  fact  that  the  nuclear 
synthesis  of  cytoplasmic  rRNA  and  the 
synthesis  of  mitochondrial  rRNA  begin 
at  the  same  time  in  development  (stage 
10)  raised  the  question  of  a  possible 
obligatory  correlation  in  the  synthesis  of 
these  rRNAs.  However,  no  such  correla- 
tion exists,  since  normal  synthesis  of 
mitochondrial  rRNA  was  observed  in 
anucleolate  mutant  embryos  which  do  not 
synthesize  any  cytoplasmic  rRNA. 

Incorporation  experiments  indicate  that 
mitochondrial  4S  RNA  synthesis  is  ab- 
sent or  very  low  throughout  early  em- 
bryogenesis  until  stage  27.  Therefore 
mitochondrial  4S  RNA  synthesis  is  not 
coordinate  with  the  synthesis  of  mito- 
chondrial rRNA. 

Our  study  of  mitochondrial  biogenesis 
in  X.  laevis  suggests  that  the  large  num- 
ber of  mitochondria  accumulated  in  the 
oocyte  are  a  storage  material  and  are 
partitioned  out  to  the  newly  arising  cells 
during  embryonic  development.  New 
mitochondria  are  synthesized  in  embryo- 
genesis,  but  their  production  begins  rela- 
tively late  in  development.  The  synthesis 
of  different  components  of  the  mitochon- 
dria begins  at  different,  well-defined 
times  during  development. 


Solubilization  of  Mitochondrial  RNA 

Polymerase  from  Ovaries 

of  Xenopus  laevis 

G.  J.  Wu 

A  study  of  mitochondrial  RNA  poly- 
merase was  initiated  as  part  of  the  on- 
going investigation  of  mitochondrial  bio- 
genesis. During  the  past  nine  months 
attempts  have  been  made  to  solubilize 
the  mitochondrial  RNA  polymerase  from 
ovaries  of  X.  laevis.  Several  methods  and 
solubilizing  reagents  have  been  tested. 
The  use  of  digitonin  was  the  most  effec- 
tive method  tried  so  far  to  solubilize  the 
RNA  polymerase  of  mitochondria.  A  par- 
tially purified  RNA  polymerase  of  mito- 
chondria from  ovaries  of  X.  laevis  has 
been  isolated.  The  procedures  used  and  the 
results  of  an  experiment  on  the  solubiliza- 
tion and  preliminary  purification  of  mito- 
chondrial RNA  polymerase  are  sum- 
marized in  Table  6.  Apparent  enzyme 
activity  was  increased  3.55-fold  after  the 
treatment  of  digitonin,  possibly  because 
of  the  release  of  a  permeability  barrier. 
Of  the  total  activity  present,  98%  has 
been  solubilized  into  the  high  speed  super- 
natant (86,500  X  g,  30  min.),  and  about 


TABLE  6.  Summary  of  Partial  Purification  of  RNA  Polymerase  from  Mitochondria 


Specific 

Total  Protein 

Total  Activity 

Activity 

Fold  of 

Steps 

(mg) 

(cts/min) 

(cts/min//ig) 

Purification 

Intact  mitochondria 

60 

7.5  X  105  (100%) 

12 

Digitonin-treated 

mitochondria 

60 

26.6  X  105  (355%) 

44 

1 

Supernatant  from  high- 

speed 

centrifugation 

24 

25.9  X  105  (347%) 

108 

2.4 

50%  saturated  ammonium 

sulfate  precipitation 

4 

12.9  X  105  (172%) 

310 

7 

The  standard  assay  mixture  for  RNA  polymerase  contained  in  a  volume  of  40/d :  tris  HC1  (pH. 
8.5) ,  50  ml ;  MgCl2, 5  ml ;  KC1, 5  ml ;  phosphoenolpyruvate,  26/ug ;  pyruvate  kinase,  2/u,g ;  0.5  ml 
each  of  ATP,  GTP,  and  CTP;  4/ic  of  H3-UTP  (18.6  C/mmole) ;  bovine  serum  albumin,  20/xg; 
spermine  (HC1)4.  0.5  mAf ;  sodium  fluoride,  0.5  ml;  heat-denatured  calf  thymus  DNA,  7.5/tg;  and 
1  to  lOjul  of  sample,  final  pH  7.8-8.0.  After  incubation  at  30°C  for  5  min.,  an  aliquot  of  10/d  was  pip- 
etted onto  a  Whatman  #1  paper  disc  and  washed  by  Bollum's  method  in  ice-cold  5%  trichloroacetic 
acid-0.5%  sodium  pyrophosphate.  The  dried  paper  disc  was  counted  in  toluene  fluor  and  all  the 
counts  were  subtracted  by  zero  time  controls. 

Protein  concentrations  were  determined  by  the  biuret  method. 
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50%  was  recovered  from  an  ammonium 
sulfate  precipitation  at  50%  saturation. 
A  sevenfold  purification  has  been 
achieved. 

The  partially  purified  RNA  polymerase 
is  highly  dependent  on  added  template; 
heat-denatured  calf  thymus  was  the  most 
effective  template  tried.    The  enzyme  is 


also  dependent  on  magnesium  ions  and 
four  nucleoside  triphosphates.  Its  activ- 
ity is  inhibited  neither  by  rifampicin  (100 
/xg/ml)  nor  by  a-amanitin  (10  ^g/ml). 
However,  actinomycin  D  reduced  the  ac- 
tivity to  30%  at  a  concentration  of  60 
/xg/ml,  and  to  6%  at  a  concentration  of 
300  fig/ml 


CELL    DIFFERENTIATION    AND 
VIRAL     SUSCEPTIBILITY 

M.  Y oshikawa-Fukada,  C.  W.  Orr,  and  J.  D.  Ebert 
assisted  by  D.  Somerville  and  B.  Smith 


Further  Characterization  of  the 
Cellular  DNA  Hybridizing  with 
the  RNA  of  Rous  Sarcoma  Virus 

M.  Y oshikawa-Fukada  and  J.  D.  Ebert 

The  RNA  of  Rous  sarcoma  virus 
(RSV)  hybridizes  with  eukaryotic  and 
oncogenic  viral  DNAs.  RSV-RNA  hy- 
bridized to  all  of  the  DNAs  analyzed  has 
the  same,  or  a  closely  similar,  base  com- 
position; this  evidence,  coupled  with  the 
observation  of  close  similarities  in  melt- 
ing temperatures  of  the  complexes  with 
various  DNAs,  prompted  the  suggestion 
that  a  common  base  sequence  in  DNA 
functions  in  hybridization  with  RSV- 
RNA. 

In  an  article  published  in  Proceedings 
of  the  National  Academy  of  Sciences,  68, 
pp.  743-746  (1971),  we  have  taken  up 
two  questions  arising  out  of  the  previous 
work.  First,  how  precise  is  the  homology 
between  RSV-RNA  and  eukaryotic 
DNA?  As  a  consequence  of  the  existence 
of  partially  related  base  sequences,  mo- 
lecular hybridization  reactions  of  DNAs 
and  RNAs  of  eukaryotes  may  not  display 
locus  specificity.  However,  the  specificity 
of  these  reactions  may  be  enhanced  in 
formamide  solutions  at  low  temperatures. 
We  have  employed  the  formamide  tech- 
niques to  compare  the  melting  profiles  of 
hybrids  between  70S  RSV-RNA  and  cell- 
ular DNA,  and  4S  RSV-RNA  and  cell- 
ular DNA. 

Second,  what  are  the  relations  between 
the     low-molecular-weight     RSV-RNAs 


and  the  4S  RNA  of  the  host  cell?  This 
question  arises  from  consideration  of  the 
finding  in  other  laboratories  that,  in  addi- 
tion to  the  70S  RSV-RNA  of  the  viral 
genome,  the  Rous  virion  contains  4S 
RNA,  as  well  as  cellular  18S  and  28S 
RNAs.  Moreover,  avian  myeloblastosis 
virus  (AMV)  appears  to  contain  func- 
tional tRNA  acquired  from  the  host  cell. 
We  earlier  showed  that  contamination 
with  18S  and  28S  ribosomal  RNAs  was 
not  a  factor  contributing  to  our  previous 
findings.  However,  the  presence  of  4S 
RNA  in  the  virion  raises  the  question,  to 
what  extent  does  the  homology  between 
RSV-RNA  and  cellular  DNA  reflect 
homology  between  such  an  acquired  low- 
molecular-weight  RNA  and  cellular 
DNA,  as  distinct  from  homology  between 
a  true  viral  RNA  and  cellular  DNA?  We 
have  answered  this  question  by  competi- 
tion experiments,  and  by  further  charac- 
terizing the  hybrids  between  4S  RSV- 
RNA  and  cellular  DNA,  which  have  in 
turn  been  compared  with  hybridized  70S 
RSV-RNA  and  cellular  DNA. 

Both  70S  and  4S  RNAs  of  RSV  contain 
nucleotide  sequences  homologous  to  those 
in  cellular  DNA.  Preparations  of  these 
RNAs  were  found  to  include  some  ad- 
ventitious cellular  sRNA.  Nevertheless, 
both  70S  and  4S  RSV-RNAs  were  found 
by  competition  techniques  to  contain  se- 
quences distinct  from  those  in  cellular 
ribosomal  RNA  and  4S  RNA.  Competi- 
tion experiments  also  reveal  substantial 
homology  between  70S  and  4S  RSV-RNA. 
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In  hybridization  experiments  performed 
in  formamide  at  low  temperatures,  the 
melting  profiles  of  hybrids  between  70S 
RSV-RNA  and  cellular  DNA,  and  4S 
RSV-RNA  and  cellular  DNA,  are  essen- 
tially superimposable.  It  is  suggested 
that  there  are  at  least  two  origins  of  4S 
RSV-RNA  in  RSV-RNA  preparations: 
degradation  of  70S  RSV-RNA  and  inclu- 
sion of  adventitious  cellular  4S  RNA.  The 
possibility  of  a  specific  viral  4S  RNA  is 
not  excluded. 

DNA  Synthesis  by  an  Insoluble 

Chromatin  Fraction  Associated 

with  the  Nuclear  Membrane 

of  Animal  Cells 

M.  Yoshikawa-Fukada  and  J.  D.  Ebert 

In  exploring  the  role  of  the  "oncogenic 
viral  sequences,"  we  have  centered  our 
attention  on  the  chromatin  associated 
with  the  nuclear  membrane.  A  common 
property  of  all  of  the  tumorigenic  viruses 
is  their  ability  to  induce  and  stimulate 
cellular  DNA  synthesis.  The  kinetics  of 
formation  of  hybrids  between  cellular 
DNA  and  RSV-RNA,  under  stringent 
conditions,  suggests  that  the  homologous 
DNA  belongs  in  the  "repeated  DNA  se- 
quences," further  suggesting  that  it  may 
have  a  regulatory  role.  As  we  reported 
earlier  (Year  Book  69,  pp.  585-586;  Bio- 
Science  21,  pp.  357-366,  1971),  these 
oncogenic  sequences  appear  to  be  dis- 
persed throughout  the  karyotype.  Some 
evidence  suggests  that  in  eukaryotes, 
DNA  synthesis  is  initiated  in  association 
with  the  nuclear  membrane,  just  as  it  is 
associated  with  the  cellular  membrane  in 
bacteriophage  and  bacteria. 

In  an  article  appearing  in  Biochemical 
and  Biophysical  Research  Communica- 
tions Jj3,  pp.  133-141,  we  have  reported 
that  an  insoluble  chromatin  fraction 
prepared  from  Chinese  hamster,  HeLa, 
and  baby  hamster  kidney  (BHK)  cells 
is  capable  of  DNA  synthesis  in  the  ab- 
sence of  added  primer.  The  DNA  in  the 
insoluble  chromatin  hybridizes  with  the 
RNA  of  Rous  sarcoma  virus  to  a  sub- 


stantially greater  degree  than  does  the 
DNA  of  the  soluble  chromatin  fraction. 
Studies  of  the  DNA  produced  in  vitro 
suggest  that  the  insoluble  fraction  may 
be  a  DNA-synthesizing  rather  than  a 
terminal-repairing  system.  This  conclu- 
sion is  supported  by  the  observation  that 
a  fraction  of  the  DNA  synthesized  by 
the  insoluble  fraction  in  the  presence  of 
5-bromo  deoxyuridine  triphosphate 
(BUTP)  bands  at  a  greater  density  in 
cesium  chloride  centrifugation  than  does 
control  DNA  or  marker  DNA  (unlabeled 
DNA  of  the  insoluble  fraction).  The 
DNA  synthesized  by  the  insoluble  frac- 
tion with  3H-TTP  appeared  in  the  same 
position  as  marker  DNA.  However,  when 
BUTP  replaced  TTP  in  the  reaction,  two 
peaks  were  observed,  one  corresponding 
to  the  marker  peak  and  the  other  to  a 
heavier  peak.  The  radioactivity  in  this 
experiment  was  provided  by  3H-dATP. 
These  findings  suggest  that  the  insoluble 
chromatin  fraction  can  incorporate  sig- 
nificant amounts  of  BUTP  resulting  in 
newly  synthesized  DNA  that  is  signifi- 
cantly heavier  than  the  control. 

Thus  far  the  findings  are  consistent 
with  the  hypothesis  that  the  viral  onco- 
genic sequences  may  be  involved  in  the 
initiation  of  replication  of  cellular  DNA. 
Comings  and  Mattoccia  have  presented 
evidence  indicating  that  a  piece  of  repeti- 
tious DNA  may  occur  at  or  near  the  be- 
ginning of  each  replicon;  and  Smith  has 
found  that  in  confluent  mouse  kidney 
cells  in  which  DNA  synthesis  was 
switched  on  by  polyoma  virus  infection, 
the  satellite  DNA  replicated  before  the 
remainder  of  the  cellular  DNA. 

Preliminary  Characterization  of  the 
DNA   "Replicase"   Isolated   from 
Normal   and  Polyoma  Virus- 
Transformed  BHK  Cells 

C.  W.  Orr,  M.  Y oshikawa-Fukada, 
and  J.  D.  Ebert 

In  consultation  with  Ebert,  Orr  has 
continued  and  extended  the  studies  begun 
by  Yoshikawa-Fukada,  drawing  substan- 
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tially  from  her  techniques.  Here  we  de- 
scribe the  isolation  of  a  DNA-replicating 
enzyme  from  BHK  cells.  In  addition,  the 
membrane-associated  DNA-replicating 
enzyme  from  the  polyoma-transformed 
variant  of  BHK,  PyBHK,  is  described. 
Our  purpose  is  to  compare  the  two  en- 
zymes, from  normal  and  transformed 
cells,  in  kinetic  terms.  We  propose,  tenta- 
tively, that  the  process  of  transformation 
has  so  altered  the  DNA-replicating  sys- 
tem of  the  host  cell  that  the  two  enzymes 
now  have  different  properties. 

Cell  lines  and  cell  growth.  BHK  and 
PyBHK  cells  were  grown  in  roller  bottles 
(Bellco  Glass,  Inc.)  in  a  C02  atmosphere. 

Preparations  of  enzyme.  The  cells  were 
harvested  while  in  exponential  growth 
phase  with  0.25%  trypsin  (Trypsin,  Nu- 
tritional Biochemicals,  1:250).  The  cell 
density  was  adjusted  to  107  cells  per  ml 
by  the  addition  of  an  appropriate  volume 
of  lysis  buffer  (10  ml  tris  pH  7.6,  2  ml 
MgClo,  6  ml  mercaptoethanol) .  This 
cell  suspension  was  kept  on  ice  for  15 
minutes,  at  which  time  Triton  X-100  was 
added  to  a  final  concentration  of  1%. 
The  cells  were  disrupted  by  five  strokes 
in  a  glass-Teflon  homogenizer  (Thomas 
C  32954)  and  immediately  made  0.33  M 
in  sucrose  by  the  addition  of  an  appro- 
priate volume  of  2.5  M  sucrose  in  lysis 
buffer. 

The  crude  nuclear  fraction  was  sepa- 
rated from  cellular  debris  by  centrifuga- 
tion  at  4°C  at  1500  X  g  for  five  minutes. 
The  nuclear  pellet  was  made  0.25  M  in 
sucrose  in  lysis  buffer.  The  nuclei  were 
purified  by  centrifugation  through  a  10 
ml  layer  of  2.5  M  sucrose  at  45,000  X  g 
for  45  minutes  in  a  Spinco  centrifuge  us- 
ing the  SW  25-1  rotor.  The  supernatant 
was  discarded  and  the  pellet  of  nuclei 
was  washed  once  in  sonication  buffer  (10 
ml  Hepes  pH  7.6,  2  vaM  mercapto- 
ethanol, 0.125  ml  MgCl2).  The  washed 
pellet  was  resuspended  in  sonication  buf- 
fer (0.5  ml/107  cells)  and  sonicated  for 
30  seconds  in  a  Branson  sonifier  (power 
4,  5-6  mA).  The  sonicated  nuclei  were 
centrifuged  at  12,000  X  g  for  15  minutes 


and  both  the  pellet  and  supernatant  were 
saved.  The  pellet  was  resuspended  in 
lysis  buffer  (0.5  ml/107  cells)  and  used 
as  the  source  of  enzyme.  The  fractions 
were  stored  on  ice. 

Chemicals.  All  nucleotides  were  from 
Schwarz  BioResearch.  3H  TTP  (0.5  mC/ 
ml)  was  the  tetralithium  salt  (S.A.,  17.4 
C/mmole).  The  detergents  were  from 
Atlas  Chemical  Industries,  Wilmington, 
Delaware. 

Assay.  The  assay  mixture  finally 
adopted  contained  10  /x/xmoles  3H-TTP 
(4  X  105  cpm) ;  2  m/xmoles  each  of  dATP, 
dGTP  and  dCTP;  0.55  /miole  MgCl2 
(BHK) ;  0.18  /miole  MgCl2  (PyBHK)  ; 
0.25  ^mole  mercaptoethanol;  100  /xmoles 
Hepes  pH  8.2;  and  15  to  30  /xl  of  enzyme 
in  a  total  volume  of  125  /ml.  After  incu- 
bating for  20  minutes  at  37° C,  the  reac- 
tion was  stopped  by  the  addition  of  0.2 
ml  0.3  M  KOH  at  37°C  for  a  further  two 
minutes.  The  tubes  were  iced  and  ice- 
cold  5%  trichloracetic  acid  (TCA)  con- 
taining 0.01  M  Na  pyrophosphate  was 
added.  After  10  minutes,  the  reaction 
mixtures  were  filtered  through  Reeve- 
Angel  H/A  glass-fiber  filter  discs.  The 
filtrate  was  washed  three  times  with  ice- 
cold  5%  TCA  containing  0.01  M  Na 
pyrophosphate,  dried,  and  counted  on 
filters  in  a  toluene-based  scintillator. 

Results.  Under  the  conditions  described 
for  the  assay  of  DNA  replicase  activity 
from  BHK  and  PyBHK  cells,  the  synthe- 
sis of  DNA  is  linear  for  at  least  45  min- 
utes (Fig.  19).  The  synthesis  of  DNA  is 
also  linearly  related  to  the  concentration 
of  added  enzyme  over  a  sixfold  range 
(Fig.  20).  No  deoxyribonuclease  activity 
could  be  detected  in  either  the  normal  or 
the  transformed  cell  enzyme  prepara- 
tions, i.e.,  there  was  no  loss  of  acid  in- 
soluble counts  over  a  period  of  60  min- 
utes when  3H  Chinese  hamster  ovary  cell 
DNA  was  added  to  the  reaction  mixture. 
Neither  ATP  nor  3',  5'  cyclic  AMP  had 
any  effect  on  the  activity  of  either  en- 
zyme when  examined  over  a  1000-fold 
concentration  range. 

In  the  section  to  follow,  we  compare 
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Fig.  19.  Time-dependent  synthesis  of  DNA 
by  BHK  and  PyBHK  replicase  preparations. 

the  activities  of  the  enzymes  from  normal 
and  transformed  cells  with  respect  to  a 
number  of  different  parameters.  In  these 
studies  several  different  enzyme  prepara- 
tions have  been  used,  and  while  there  are 
differences  in  the  specific  activity  from 
preparation  to  preparation,  the  results 
reported  here  have  been  observed  con- 
sistently. 

Nucleotides.  The  saturation  curves  for 
TTP  and  the  resultant  Lineweaver-Burke 
plots  are  shown  in  Figs.  21  and  22,  re- 
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Fig.  20.    The  effect  of  enzyme  concentration 
on  the  rate  of  synthesis  of  DNA. 
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Fig.   21.    Saturation    curves   for   TTP   using 
BHK  and  PyBHK  DNA  replicases. 

spectively.  The  Km's  calculated  from  Fig. 
22  demonstrate  that  approximately  twice 
as  much  TTP  is  required  to  saturate  the 
normal  cell  enzyme  as  is  required  to  satu- 
rate transformed  cell  enzyme  (Xm's,  3.0 
X  10"6  M  and  1.75  X  10"6  M,  respec- 
tively.) The  reverse  is  true  when  the  sat- 
uration curves  of  the  other  deoxynucleo- 
tide  triphosphates  are  compared, 
approximately  1.5  times  as  much  dXTP 
being  required  to  saturate  the  trans- 
formed cell  enzyme  as  is  required  to 
saturate  the  control. 

Sulfhydryls.   The  transformed  cell  en- 
zyme is  insensitive  to  the  presence   of 
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Fig.  22.    Determination  of  Km's  for  TTP. 
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mercaptoethanol  over  a  range  in  which 
there  is  a  1.5-fold  stimulation  of  the 
normal  cell  enzyme  (Fig.  23). 

Detergents.  The  transformed  cell  en- 
zyme is  also  either  insensitive  to,  or  in- 
hibited by,  the  presence  of  detergents 
(Table  7),  whereas  all  the  detergents 
tried  stimulated  the  normal  cell  enzyme. 
The  most  effective  of  these  appeared  to 
be  BRIJ  35.  The  effective  concentration 
range  is  narrow,  i.e.,  0.015%  to  0.03% ; 
at  higher  concentrations  of  BRIJ  35,  the 
enzyme  is  inhibited  (Fig.  24) .  At  the 
optimum  concentration,  0.03%,  the  en- 
zymatic activity  is  stimulated   1.8-fold. 

Cations.  The  two  enzymes  respond 
differently  to  the  Mg++  concentration 
(Fig.  25).  Both  enzymes  are  stimulated 
by  the  presence  of  Mg++,  whereas  the 
normal  cell  enzyme  has  a  broader  opti- 
mum, maximum  activity  being  at  about 
4.5  ml  Mg++.  Within  the  same  concen- 
tration range  Mn++  is  inhibitory  to  both 
enzymes.  Both  enzymes  are  also  increas- 
ingly inhibited  by  K+  over  a  range  of 
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TABLE  7.  Effect  of  Detergents  (at  0.03%  Final 

Concentration)  on  the  Replicase  Activity 

from  BHK  and  PyBHK  Cells 


%  Replicase 

Activity 

Detergent 

PyBHK 

BHK 

None 

100 

100 

Brij  58 

108 

130 

Brij  35 

87 

151 

Myrj  59 

58 

118 

Myrj  52 

104 

140 

SP40 

107 

130 

Triton  X-100 

102 

135 

Tween  80 

100 

144 
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0.01  M  to  0.16  M  (Fig.  26).  A  similar 
result  is  obtained  when  the  normal  cell 
enzyme  activity  is  titrated  against  in- 
creasing Na+  concentration,  i.e.,  inhibi- 
tion gradually  increases  until,  at  0.16  M 
NaCl,  50%  of  the  initial  activity  in  the 
absence  of  added  NaCl  remains  (Fig.  27) . 
The  shape  of  the  curve  of  the  transformed 
cell  enzyme  in  response  to  added  Na+  is 
different.  There  is  no  inhibition  up  to 
0.06  M  NaCl;  above  this  concentration, 
the  inhibition  increases  as  the  concentra- 
tion of  NaCl  is  raised  until  at  0.16  M 
only  33%  of  the  original  activity  remains. 
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Fig.  23.  Saturation  curves  for  mercaptoetha- 
nol, using  BHK  and  PyBHK  DNA  replicase 
preparations. 
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Fig.  24.   The  effect  of  the  detergent  BRIJ  35 
on  the  activity  of  BHK  DNA  replicase. 
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Fig.   25.    Saturation   curves  for    Mg"1 
BHK  and  PyBHK  DNA  replicases. 
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pH.  Finally,  although  the  pH  optimum 
of  both  enzymes  in  response  to  Hepes 
buffer  over  the  range  7.2  to  8.5  is  broad, 
the  curves  for  the  normal  and  the  trans- 
formed cell  enzymes  appear,  within  the 
limits  of  experimental  error,  to  be  the 
same  (Fig.  28). 
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Fig.  26.    The  effect  of  K+  on  the  activity  of 
BHK  and  PyBHK  replicases. 
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Fig.  27.  The  effect  of  Na+  on  the  activity  of 
BHK  and  PyBHK  replicases. 

A  working  hypothesis.  The  enzymatic 
activities  we  have  described  were  ob- 
served using  purified  washed  nuclei. 
Microscopic  examination  of  the  nuclear 
fraction  prior  to  sonication  shows  the 
nuclei  to  be  unbroken  and  not  obviously 
contaminated  with  other  cell  organelles 
or  debris.  Following  sonication  of  the 
nuclei,  a  substantial  proportion  of  the 
activity  sediments  after  10  minutes  at 
12,000  X  g.  The  supernatant  from  this 
fraction  also  has  considerable  DNA 
replicase  activity.  When  this  fraction  is 
centrifuged  at  50,000  X  g  for  30  minutes, 
a  pellet  is  formed  which  contains  80% 
of  the  original  activity  of  the  supernatant. 
It  is  suggested  that  this  activity  repre- 
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Fig.  28.  The  effect  of  changing  pH,  by  means 
of  Hepes  buffer,  on  the  activity  of  BHK  and 
PyBHK  replicases. 
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sents  smaller  membrane  fragments  de- 
rived from  the  nuclear  membrane.  The 
activity  remaining  in  the  supernatant 
from  centrifugation  at  50,000  X  Q  is 
considered  to  be  a  soluble  enzyme  derived 
from  the  nucleoplasm. 

The  preparative  methodology  used  here 
is  substantially  the  same  as  that  de- 
scribed by  Yoshikawa-Fukada  and  Ebert 
for  CHO  cell  nuclear  membrane  replicase. 
Insofar  as  a  comparison  can  be  made  be- 
tween the  CHO  and  BHK  cell  systems, 
it  is  clear  that  the  preparations  differ  in 
one  important  respect:  The  CHO  prep- 
aration is  linear  as  a  function  of  time  for 
only  20  minutes,  whereas  the  BHK  and 
PyBHK  preparations  are  linear  for  at 
least  45  minutes. 

The  low  salt  concentrations  used  in  the 
final  preparative  steps,  particularly  that 
of  Mg++,  make  it  unlikely  that  contami- 
nating nonmembrane-bound  chromosomal 


material  is  present  in  our  preparations. 
It  is  suggested,  therefore,  that  the  lack  of 
primer  DNA  in  the  assay  system  indi- 
cates that  the  enzyme  fraction  contains 
associated  primer — perhaps  as  part  of  a 
membrane-associated  DNA  complex,  as 
has  been  suggested  for  bacterial  systems. 
The  evidence  therefore  supports  the 
contention  that  the  DNA  replicases  in 
normal  and  polyoma-transformed  cells 
are  different.  The  more  convincing  points 
supporting  this  argument  are:  (1)  the 
difference  in  their  Km  for  nucleotides;  (2) 
their  different  optima  for  Mg++;  (3)  their 
different    response    to    mercaptoethanol ; 

(4)  their  different  response  to  Na+;  and 

(5)  their  different  response  to  detergents. 
Taken  separately,  each  is  inadequate — 
but  together  they  suggest  a  new  or  archi- 
tecturally different  enzyme  responsible 
for  DNA  synthesis  in  BHK  cells  follow- 
ing transformation  by  polyoma  virus. 


THE     REGULATION     OF     DNA     SYNTHESIS 

IN    BHK    CELLS 

C.  W.  Ore,  M.  Yoshikawa-Fukada,  T.  F.  McDonald,  H.  Sachs,  J.  Rash,  and  J.  D.  Ebert 
assisted  by  D.  Somerville,  B.  Smith,  and  A.  O'Connor 


In  the  course  of  our  experiments  on  the 
initiation  and  control  of  DNA  synthesis 
in  normal  and  transformed  cells,  the 
need  for  synchronously  growing  popula- 
tions of  cells  became  apparent. 

A  variety  of  procedures  are  currently 
available  which  will  impose  at  least  some 
degree  of  synchronous  growth  and  divi- 
sion upon  a  population  of  cells.  The 
methods  fall  into  two  major  categories: 
those  in  which  a  metabolic  poison  is  em- 
ployed and  those  which  utilize  physical 
manipulations  of  the  cells.  In  the  former 
category,  attention  has  been  focused  most 
frequently  on  the  inhibition  of  DNA  syn- 
thesis by  the  disruption  of  nucleotide 
metabolism.  Such  an  effect  is  created  by, 
for  example,  thymidine  blockade,  an  at- 
tractive technique  because  of  its  ready 
reversibility.  However,  it  is  not  the 
method  of  choice  if  the  initiation  and 
control  of  DNA  synthesis  are  under  in- 
vestigation.   In  the  second  category,  cell 


synchrony  can  be  brought  about  by 
physically  dislodging  and  collecting  mi- 
totic cells.  For  a  short  period  these  cells 
then  progress  through  the  cell  cycle  syn- 
chronously. The  method  has  the  draw- 
back of  being  time  consuming,  particu- 
larly if  large  numbers  of  cells  are  re- 
quired. 

In  considering  the  methods  available, 
the  reversible  inhibition  of  cell  growth 
by  modification  of  the  Na+/K+  ratio,  de- 
scribed recently  by  Cone  for  Chinese 
hamster  ovary  (CHO)  cells,  appeared  at- 
tractive. Using  several  modifications  of 
his  techniques  with  baby  hamster  kidney 
(BHK)  cells,  we  have  been  able  to  dem- 
onstrate reversible  cessation  of  growth 
with  a  high  K+  regimen.  Although  the 
work  is  still  in  progress,  it  has  advanced 
far  enough  to  permit  a  description  of 
some  of  the  cellular  and  biochemical 
changes  occurring  as  a  function  of  the 
altered  ionic  regimen.  In  this  preliminary 
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account  we  shall  limit  our  attention  to 
one  cell  line  (BHK  21,  line  C  13-404, 
kindly  provided  initially  by  Dr.  H.  V. 
Aposhian).  These  cells  are  maintained 
routinely  on  Falcon  plastic  Petri  plates 
in  Eagle's  minimal  essential  medium  sup- 
plemented with  5%  tryptose  phosphate 
broth  and  10%  calf  serum  (MEM  5  10) 
in  a  C02-bicarbonate  atmosphere.  In  the 
experiments  to  be  described,  Ham's  F  12 
medium  supplemented  with  2X  amino 
acid  and  IX  vitamin  concentrations  and 
containing  10%  calf  serum  (Grand  Island 
Biological  Co.,  Lot  No.  A  3073  G)  is 
referred  to  subsequently  as  normal 
medium.  A  medium  in  which  each  Na+ 
salt  has  been  replaced  with  its  K+  equiva- 
lent, but  which  in  all  other  respects  is 
identical  to  normal  medium,  is  referred 
to  as  100%  K+  medium. 

Cells  have  been  maintained  in  media 
containing  different  concentrations  of  K+. 
These  were  prepared  by  mixing  normal 
medium  with  100%  K+  medium  in  differ- 
ent proportions.  Thus,  if  seven  volumes 
of  100%  K+  medium  are  mixed  with  three 
volumes  of  normal  medium,  a  medium 
containing  114  ml  K+  and  60  ml  Na+  is 
obtained;  such  a  medium  is  referred  to 
here  as  114  mill  K+  medium. 

Conditioned  medium  was  prepared  by 
incubating  logarithmically  growing  cells 
in  either  normal  or  114  mM  K+  medium 
for  36  hours.  The  medium  was  then  de- 
canted and  centrifuged  at  1000  X  Q  to 
remove  debris. 

Observations.  In  Fig.  29  we  see  that  for 
BHK  cells  the  concentrations  of  Na+  and 
K+  commonly  used  in  normal  media  are 
not  optimal  for  cell  growth,  since  cells 
grow  in  a  medium  containing  60  mf  K+ 
more  rapidly  than  in  the  control  medium 
(8  ml  K+).  This  observation  is  intrigu- 
ing in  itself  and  is  under  investigation. 
The  data  also  show  that  as  the  K+  is  in- 
creased above  95  mM,  growth  is  progres- 
sively reduced.  By  returning  the  cells  to 
normal  medium,  it  can  readily  be  shown 
that  the  process  is  completely  reversible 
(Fig.  30).  We  have  also  been  able  to 
show,  using  3H  thymidine  pulses,  that 
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Fig.  29.  The  effect  of  changing  the  extra- 
cellular K+  concentration  on  the  rate  of  BHK 
cell  growth. 

DNA  synthesis  is  immediately  reduced 
by  adding  114  mM  K+  to  the  cells  (Fig. 
31) .  RNA  synthesis  during  the  same  time 
period  is  much  less  affected  (Fig.  32). 

Because  of  the  rapid  resumption  of  cell 
growth  following  the  return  of  cells  to 
normal  medium,  it  appeared  possible  that 
cell  growth  might  be  synchronized  by 
exposure  to  and  subsequent  release  from 
the  114  mM  K+  medium.  Following  DNA 
synthesis,  pulse  labeling  experiments  were 
undertaken,  together  with  counts  of 
mitotic  figures",  as  a  function  of  time  after 
release  from  K+  blockade.  The  results  are 
shown  in  Fig.  33.  Clearly,  growth  syn- 
chrony has  been  imposed  upon  the  popu- 
lation, and  a  consideration  of  the  biphasic 
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Fig.  30.  The  recovery  of  BHK  cells  following 
incubation  in  114  mM  K+. 
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in  Conditioned  Medium  in  Conditioned  Medium 


V/ 


o 

x 


2  3  4'        22 

Time  (hours) 


23 


24 


-I 1 1_~ — [_ 

2  3  4X      22 

Time(hours) 


23 


Fig.  31.  The  rate  of  DNA  synthesis  in  BHK 
cells  during  incubation  in  either  114  ml  K+  or 
normal  medium  (8  mM  K+). 

nature  of  the  curves  has  led  us  to  propose 
that  the  K+  blockade  of  cell  growth  occurs 
at  two  separate  points  in  the  cell  cycle, 
as  shown  in  Fig.  34. 

As  shown  in  Fig.  32,  RNA  synthesis  is 
moderately  affected  by  114  mM  K+. 
However,  release  to  normal  medium  re- 
sulted in  an  increased  rate  of  synthesis 
of  RNA  (not  shown  in  figure) .  We  have 
investigated  this  point  by  an  analysis  of 
the  polysome  profile  from  cells  in  normal 
medium  and  in  114  mM  K+  medium.  The 
data  are  shown  in  Fig.  35.  They  show 
that  after  24  hours  in  114mM  K+ medium, 
the  cell's  content  of  polysomes  is  reduced; 
upon  release  from  the  K+  regimen  the 
polysomes   very    rapidly    reappear.     An 


Fig.  32.  The  rate  of  RNA  synthesis  in  BHK 
cells  during  incubation  in  either  114  mM  K+  or 
normal  medium  (8  mM  K+). 

electron  microscopic  comparison  of  cells 
in  normal  and  114  mM  K+  media  is  being 
undertaken  by  John  Rash. 

These  observations  raise  a  number  of 
critical  questions:  Is  the  cessation  of  cell 
growth  in  high  K+  medium  due  to  a  reduc- 
tion in  cellular  ATP?  Does  K+  flow  into 
the  cell  and  thus  rapidly  disrupt  the 
metabolic  machinery? 

Initially  we  attempted  to  define  the 
level  of  internal  K+  (Kj)  by  electrophysi- 
ological methods.  If  the  potassium  distri- 
bution defines  the  BHK  cell  membrane 
potential,  then  utilization  of  the  Nernst 
equation  should  define  K^.  The  membrane 
potential  (Em)  was  measured  following 
short-term    (5  min.)   and  long-term    (24 
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The  Effect  of  Release  from  K+  Inhibition  of  Cell  Division  in  BHK  Cells 
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Fig.  33.  The  synchrony  of  DNA  synthesis  in  BHK  cells  following  release  from  a  regimen  of  114 
mM  K+. 


hr.)  exposure  to  high  extracellular  K+ 
(K0)  in  an  attempt  to  determine  whether 
a  major  shift  in  the  Nernst  line,  indicat- 
ing a  change  in  K*,  would  develop  with 

BHK  Cell  Cycle  (18  hours) 
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Fig.  35.  The  profile  of  polysomes  from  BHK 
cells  grown  in  either  control   or  114   ml   K+ 
medium,  together  with  the  polysome  profile  of 
Fig.  34.    The  effect  of  K+  on  the  BHK  cell       BHK  cells  one  hour  after  release  from  114  mM 
cycle.  K+. 


DEPARTMENT     OF     EMBRYOLOGY 


57 


time.  The  data,  which  are  presented  in 
Fig.  36,  show  that  the  Em  of  BHK  cells 
is  principally  dictated  by  the  potassium 
distribution,  and  that  while  a  shift  to 
higher  K*  with  time  occurs,  it  is  not  of 
great  magnitude.  Extrapolation  of  the 
curves  shows  that  IQ  increases  approxi- 
mately 20  ml  over  a  24-hour  period  of 
exposure. 

The  question  of  K+  entry  into  the  cell 
has  been  investigated  more  directly  by 
chemical  analysis  of  the  intracellular  K+ 
and  Na+  concentrations  in  114  mM  K+ 
medium  as  a  function  of  time  (5  min.  and 


-60 


>     -50  - 


o 

CD 

~o 
Cl 

(D 

a 
o 


CD      -10  - 


-20  - 


K0(mM/L) 


Fig.  36.  The  relationship  between  the  mem- 
brane potential  (Em)  and  the  extracellular  K+ 
concentration  (K0)  in  BHK  cells. 


24  hr.).  Concurrently  the  levels  of  ATP 
were  determined.  The  data  are  shown  in 
Table  8.  Clearly,  intracellular  ATP  is 
unaffected  by  elevated  K0.  Further,  it 
seems  clear  that  the  rather  small  shift  in 
K(  at  24  hours  could  hardly  account  for 
the  differences  in  growth  and  DNA  syn- 
thesis observed.  Indeed,  at  five  minutes' 
exposure  to  114  mM  K+  there  is  no  change 
in  ATP  and  no  change  in  K*.  Only  Em 
has  changed,  and  with  it  DNA  synthesis 
is  dramatically  reduced.  On  the  basis  of 
the  data  presented  we  have  established  a 
working  hypothesis  that  Em  per  se  is  re- 
sponsible for  the  control  of  DNA  synthe- 
sis. The  following  experiments  are  an 
attempt  to  substantiate  this  hypothesis: 
It  is  well  known  that  ouabain  (Stro- 
phanthin  G)  can  alter  the  internal  Na+ 
and  K+  levels  in  some  cells,  presumably 
by  blocking  a  Na+-K+-dependent  ATPase 
which  serves  as  a  pump  in  maintaining 
high  Ki  and  low  Na4.  We  have  shown 
that  ouabain  alters  the  growth  of  BHK 
cells  (Fig.  37)  and  that,  as  predicted,  the 
levels  of  Nai  and  K;  are  altered.  Now  the 
question  arises,  can  the  reduction  in  cell 
growth  be  correlated  with  a  reduction  in 
Em  and  DNA  synthesis?  A  time-course 
experiment  was  carried  out  at  4  X  10"4 
M  ouabain,  with  cell  growth,  DNA  syn- 
thesis, and  Em  being  determined.  The 
data  are  shown  in  Fig.  38.  It  can  be  seen 
that  for  the  first  three  hours  of  exposure 
to  ouabain,  DNA  synthesis  continued  at 


TABLE  8.   The  Effect  of  114  mM  K+  Medium  on  the  Intracellular 
Concentrations  of  Na+,  K+,  and  ATP  in  BHK  Cells 


Ion  Content 

(mM/kgcellH20) 

ATP  Content 

Time 

Medium 

Nai                 Ki 

(imxmoles/106  cells) 

5  min. 

Control 

21.4±1.7      154.1±2.1 

2.47 

114mMK+ 

19.2±1.8      163.0±3.3 
(5) 

2.50 

24  hr. 

Control 

27.8±1.0       156 .3  ±1.4 

2.90±0.18 

114mMK+ 

13.6±0.7      201.1±2.1 

2.88±0.24 

(9) 

(3) 

Values  are  mean  ±  S.  E. 

Numbers  in  parentheses  indicate  the  number  of  determinations. 
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Fig.  37.  The  effect  of  Li+  and  ouabain  on  the 
rate  of  BHK  cell  growth. 

a  rate  comparable  to  the  control  (while 
cell  growth  was  severely  retarded) ;  then 
at  six  hours,  when  the  Em  had  fallen  to 
— 22  raV,  DNA  synthesis  began  to  fall. 
At  12  hours,  DNA  synthesis  was  reduced 
75%  as  was  the  membrane  potential. 
Further,  if  after  24  hours  ouabain  is  re- 
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Fig.  38.  The  effect  of  ouabain  on  both  DNA 
synthesis  and  the  membrane  potential  (Em)  of 
BHK  cells. 


placed  with  normal  medium,  the  Em 
rapidly  returns  to  normal — as  does  DNA 
synthesis.  These  changes  occur  in  the 
face  of  a  normal  ATP  level  in  the  ouabain 
cells. 

In  essence,  therefore,  we  have  demon- 
strated by  two  different  techniques  that 
in  BHK  cells  there  may  be  a  relationship 
between  DNA  synthesis  and  the  potential 
across  the  plasma  membrane. 


NERVE-MUSCLE    INTERACTIONS 

Douglas  M.  Fambrough,  John  Rash,  H.  C.  Hartzell,  P.  S.  Fishman,  D.  B.  Drachman 

(Department  of  Neurology,  Johns  Hopkins  Hospital),  and  M.  Edidin 

(Department  of  Biology,  Johns  Hopkins  University) 

with  the  technical  assistance  of  Nancy  Joseph 


The  Glass  Nerve 
D.  M.  Fambrough  and  D.  B.  Drachman 

It  is  well  known  that  adult  muscle 
fibers  are  dependent  upon  innervation  for 
their  maintenance  and  that  dependence  is 
not  simply  a  matter  of  use  versus  disuse. 
What  factors  mediate  this  neurotrophic 
phenomenon  is  not  known.  An  hypothesis 
championed  by  Drachman  is  that  acetyl- 
choline (ACh)  itself  mediates  that  part  of 
the  neurotrophic  effect  concerned  with 
general  muscle  fiber  maintenance  and 
distribution  of  ACh  receptors  on  the 
membrane  of  the  fiber.  This  hypothesis 
rests  largely  upon  the  ability  of  cholin- 


ergic blocking  agents  to  interfere  with  the 
neurotrophic  effect.  If  this  hypothesis  is 
correct,  then  replacement  of  the  nerve  by 
a  source  of  acetylcholine  should  simulate 
innervation.  As  reported  in  Year  Book 
68,  pp.  532-533,  organ-cultured  rat  dia- 
phragm muscle  mimics  muscle  denervated 
in  vivo  with  respect  to  acquisition  of 
supersensitivity  to  ACh.  Adding  ACh  to 
the  culture  medium  does  not  inhibit  the 
development  of  supersensitivity.  How- 
ever, it  may  well  be  that  it  is  the  local 
application  of  ACh  to  the  muscle  mem- 
brane in  the  region  of  the  end  plate  which 
mediates  the  localization  of  ACh  recep- 
tors in  that  region.    Therefore  we  have 
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been  developing  the  technology  for  pre- 
cisely positioning  a  pulsing  source  of  ACh 
over  the  end  plate  of  a  denervated  muscle 
fiber  cultured  in  vitro.  The  source,  a 
micropipette  from  which  ACh  is  released 
by  current  pulses,  is  fondly  called  the 
glass  nerve.  To  date  we  have  succeeded 
in  maintaining  immobilized  rat  dia- 
phragm muscle  in  an  electrophysiological 
chamber  for  four  days  and  have  observed 
the  characteristic  development  of  super- 
sensitivity to  ACh.  We  have  successfully 
pulsed  ACh  onto  a  single  end  plate  for 
one  day. 

Development  of  Functional  Neuro- 
muscular Contacts  in  vitro 

D.  M.  Fambrough,  assisted  by  N.  Joseph 

There  is  suggestive  evidence  that  neu- 
rotrophic effects  are  mediated  by  specific 
chemicals  released  from  nerve  terminals 
at  the  junctions  between  neurons  and 
their  target  cells.  An  attractive  hypothe- 
sis is  that  such  chemicals  are  taken  up  by 
the  target  cells  and  influence  their  metab- 
olism, perhaps  by  participation  in  the 
control  of  gene  expression.  Some  tenta- 
tive evidence  for  the  transfer  of  macro- 
molecules  between  neurons  and  target 
cells  has  appeared  in  the  literature  re- 
cently. We  have  been  developing  a  sys- 
tem for  studying  the  possible  transfer  of 
macromolecules  between  motoneurons 
and  skeletal  muscle  fibers  in  vitro. 

Rat  embryo  leg  muscle  is  used  as  a 
source  of  myogenic  cells  which  are  cul- 
tured in  small  plastic  Petri  dishes  on  a 
thin  layer  of  collagen.  During  several 
days  in  culture,  myotubes  and  cross- 
striated  muscle  fibers  form.  Next,  these 
cultures  are  seeded  with  cells  derived 
from  embryonic  chick  spinal  cord,  and 
the  culture  medium  is  changed  to  one 
containing  5  fluorodeoxyuridine  (FUdR) 
to  prevent  cell  division  and  hence  prevent 
overgrowth  of  the  cultures  by  fibroblasts. 
These  cultures  are  then  studied  using 
electrophysiological  techniques.  The 
presence  of  functional  neuromuscular 
contacts  is   determined   by  intracellular 


recording  from  myotubes.  A  hallmark  of 
neuromuscular  interaction  is  the  inter- 
mittent, small  depolarizations  of  the 
muscle  fiber  due  to  spontaneous  release  of 
packets  of  acetylcholine  from  the  nerve 
terminal.  Such  depolarizations  are  some- 
times found  in  myotubes  two  days  after 
addition  of  neurons  to  the  cultures,  and 
they  are  more  frequently  found  in  older 
cultures.  The  frequency  of  these  minia- 
ture end  plate  potentials  (mepps)  is  at 
first  quite  low,  on  the  order  of  one  or  a 
few  per  minute,  but  in  older  cultures  fre- 
quencies of  one  to  several  per  second  are 
found.  This  apparent  change  in  mepp 
frequency  with  age  is  characteristic  of  the 
maturation  of  neuromuscular  junctions 
in  vivo.  As  expected,  these  mepps  are 
abolished  when  d-tubocurarine  chloride  is 
added  to  the  culture  medium,  confirming 
their  cholinergic  nature.  These  observa- 
tions confirm  the  findings  of  Stanley 
Crain  that  the  formation  of  neuromuscu- 
lar junctions  between  nerve  from  one 
species  and  muscle  from  another  is  pos- 
sible. The  electrophysiological  data 
parallel  those  of  Gerald  Fischbach  on 
interactions  between  chick  neurons  and 
chick  muscle  in  vitro. 

Having  demonstrated  that  functional 
connections  between  neurons  and  myo- 
tubes do  form  in  culture,  we  have  begun 
experiments  to  test  for  the  transfer  of 
macromolecules  between  nerve  and  muscle 
in  the  cultures.  In  these  experiments  the 
neurons  are  isolated  from  chick  spinal 
cord  and  cultured  for  24  hours  in  a 
medium  containing  3H-leucine  to  label 
nerve  proteins.  Then  the  neurons  are 
transferred  to  the  muscle  cultures.  Sev- 
eral days  later  electrophysiological  anal- 
ysis is  performed,  followed  by  autoradi- 
ography of  the  cultures  or  of  sectioned 
myotubes.  In  our  first  experiments  a 
general  transfer  of  radioactivity  to  the 
myotubes  was  found,  seemingly  inde- 
pendent of  function  connection.  This 
transfer  is  of  doubtful  significance  and 
steps  are  being  taken  to  minimize  the 
likelihood  of  nonspecific  uptake  of  neu- 
ronal proteins  or  re-utilization  of  labeled 
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leucine.  An  advantage  of  interspecies 
neuromuscular  interactions  is  that  it  may 
be  possible  to  determine  the  species  origin 
of  putative  transferred  macromolecules 
and  thus  eliminate  re-utilization  of  label 
as  an  explanation  of  the  apparent 
transfer. 

Particle  Flow  in  the  Processes  of 
Cultured  Neurons 

Paul  S.  Fishman  and  Douglas  Fambrough 
assisted  by  Nancy  Joseph 

Since  little  protein  synthesis  goes  on  in 
the  axons  of  most  nerves,  there  has  been 
great  interest  in  the  fast  transport  sys- 
tem recently  discovered  in  the  neurons  of 
many  different  species  of  animals.  This 
system  may  be  involved  in  maintenance 
of  the  axon  and  nerve  terminals  and  in 
supplying  trophic  substances  for  release 
at  nerve  endings.  By  phase  microscopy 
we  have  observed  particles  moving  bi- 
directionally  in  a  saltatory  manner  at 
velocities  up  to  5  ^  per  second  within  the 
axons  of  dissociated  chick  and  rat  spinal 
neurons  in  culture.  The  velocities  of 
these  particles  are  within  the  range  of 
what  has  been  termed  "fast  axoplasmic 
flow,"  previously  observed  with  radio- 
active tracers.  By  use  of  cinematography 
we  find  that  the  velocity  of  each  particle 
is  relatively  constant  during  saltations, 
although  different  particles  move  at  dif- 
ferent velocities  in  any  axon.  The  nature 
of  these  particles  is  unknown,  but  they 
are  most  likely  mitochondria. 

We  have  been  studying  the  tempera- 
ture dependence  of  particle  movement. 
Cultures  of  neurons  were  prepared  from 
dissociated  spinal  cord  from  6-  to  7-day 
chick  embryos  and  14-  to  16-day  rat 
embryos.  Neurons  in  culture  were  ob- 
served and  photographed  at  a  tempera- 
ture near  37 °C.  The  temperature  was 
then  quickly  dropped  (0.5°  per  second) 
by  perfusion  to  a  lower  stable  tempera- 
ture level.  Both  the  velocities  of  individ- 
ual particles  during  the  temperature 
change  and  the  total  particle  movement 
within  a  constant  field  at  the  lower  tem- 


perature were  examined.  Total  particle 
movement  (defined  as  the  number  of 
times  particles  crossed  one  of  20  grid  lines 
spaced  at  approximately  4  /x  intervals 
along  the  axon  bundle)  per  unit  time  was 
measured  in  axons  at  37  °C  and  at  tem- 
peratures down  to  10 °C.  In  most  of  the 
experiments  the  neurons  were  maintained 
at  the  lower  temperature  for  several 
minutes  .and  were  then  quickly  returned 
to  37°C. 

Preliminary  measurements  indicate 
that  a  reduction  of  temperature  decreases 
total  particle  movement  per  second  with 
a  temperature  coefficient  (Qio)  of  ap- 
proximately 3.1  (n  =  6).  Within  one  to 
two  minutes  after  the  culture  had  been 
warmed  back  to  37 °C,  particle  movement 
had  returned  to  its  pre-cooling  value.  A 
popular  hypothesis  is  that  fast  axo- 
plasmic transport  and  saltatory  move- 
ment involve  microtubules  as  tracks  upon 
which  particles  move.  The  high  Qw  we 
have  observed  for  particle  movement  in 
cultured  neurons  (as  opposed  to  a  value 
of  1.2  for  Brownian  movement)  may  re- 
flect the  role  of  microtubules  in  this 
movement.  The  structure  of  microtubules 
is  thought  to  be  quite  temperature  sensi- 
tive. Reduction  in  temperature  may  in- 
fluence particle  movement  by  favoring 
the  dissociation  of  microtubules.  We  are 
currently  examining  the  ultrastructure  of 
axons  fixed  at  37 °C  or  briefly  subjected 
to  15 °C  and  then  fixed  at  15 °C.  It  is  our 
hope  that  such  work  will  contribute  to 
the  understanding  of  the  specialized 
mechanism  through  which  the  neuron 
transports  materials  in  its  specialized  ex- 
tension, the  axon. 

Membrane  Dynamics 

Douglas  M.  Fambrough,  H.  Criss  Hartzell,  and 
John  E.  Rash,  assisted  by  Nancy  Joseph 

The  surface  membranes  of  vertebrate 
skeletal  muscle  fibers  contain  receptor 
sites  for  ACh.  The  spatial  distribution  of 
these  ACh  receptors  on  the  muscle  fibers 
is  modified  by  innervation  and  can  be 
experimentally    altered    by    denervation 
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{Year  Book  69,  pp.  587-588) .  By  study- 
ing the  mechanisms  governing  the  con- 
trol of  receptor  synthesis  and  localization, 
we  will  discover  many  things  about  the 
ways  in  which  cell  surface  properties  are 
regulated  internally  and  modified  by 
interaction  with  other  cells. 

Our  research  on  ACh  receptors  has 
taken  several  directions  during  the  past 
year.  First,  we  have  studied  the  appear- 
ance of  ACh  receptors  during  the  forma- 
tion of  muscle  fibers  in  vitro.  Second,  we 
have  irreversibly  blocked  all  the  ACh 
receptors  on  cultured  muscle  fibers  and 
then  studied  the  repopulation  of  the  sur- 
face membranes  with  new  receptors. 
Third,  we  have  isolated  a  membrane  frac- 
tion from  adult  muscle.  This  fraction  con- 
tains the  ACh  receptors,  and  we  have 
used  this  fraction  to  estimate  their  dens- 
ity in  the  membrane.  Fourth,  we  have 
begun  to  determine  the  precise  relation- 
ship between  the  density  of  ACh  receptors 
in  the  surface  membrane  and  the  physio- 
logical sensitivity  of  the  muscle  fiber  to 
ACh.  This  study  should  help  to  bridge 
the  gap  between  the  electrophysiological 
description  of  ACh  sensitivity  and  the 
functional  biochemistry  of  ACh  recep- 
tors. We  are  currently  attempting  to 
isolate  the  receptors.  If  this  can  be  ac- 
complished, we  can  then  determine  rigor- 
ously whether  denervation  supersensitiv- 
ity to  ACh  results  from  de  novo  synthesis 
of  receptors,  as  our  previous  experiments 
suggest  {Year  Book  68  and  Year  Book 
69),  or  from  activation  of  pre-existing 
receptors  or  redistribution  of  receptors  in 
the  surface  membrane  without  alteration 
in  the  rate  of  receptor  production. 

We  are  exploiting  two  other  aspects  of 
muscle  fibers  in  the  study  of  surface- 
membrane  dynamics:  the  tremendous 
length  of  these  cells  and  the  syncitial  na- 
ture of  each  cell.  Using  species-specific 
antisera  against  muscle  surface-mem- 
brane antigens,  we  are  studying  the  trans- 
lational  freedom  of  surface  antigens  in 
the  plane  of  the  membrane,  the  "mixing" 
of  surface  antigens  following  fusion  of 
chick  and  rat  myoblasts,  and  the  distri- 


bution of  species-specific  antigens  on  the 
surface  of  myotubes  which  contain  both 
chick  and  rat  nuclei  in  a  common  cyto- 
plasm. 

Development  of  Acetylcholine  Sensitivity 
during  Myogenesis  in  vitro 

Douglas  Fambrough  and  John  Rash 

During  skeletal  myogenesis  the  major 
developmental  pathway  consists  of  a 
proliferation  of  myogenic  cells,  aggrega- 
tion of  these  cells  into  multicellular 
strings,  fusion  to  form  multinucleate 
myotubes,  and  further  differentiation  of 
the  myotubes  into  cross-striated  muscle 
fibers.  Although  there  have  been  many 
studies  of  the  ultrastructure  of  the  cells 
in  this  developmental  sequence,  virtually 
nothing  is  known  about  the  differentia- 
tion of  muscle  surface  membrane.  There- 
fore, we  undertook  a  combination  electro- 
physiological and  electron  microscopic 
analysis  of  muscle  differentiation  to  cor- 
relate the  appearance  of  ACh  sensitivity 
in  muscle  membranes  with  other  param- 
eters of  muscle  development.  The  prin- 
cipal findings  have  been  accepted  for 
publication  in  Developmental  Biology. 

The  development  of  ACh  sensitivity 
during  myogenesis  was  studied  by  ionto- 
phoretic  application  of  ACh  and  intra- 
cellular recording  from  cultured  rat  fore- 
limb  myogenic  cells.  The  fine  structure 
of  the  same  cells  was  then  examined  by 
electron  microscopy.  In  normal  cultures 
all  myotubes  were  sensitive  to  applied 
ACh  and  all  contained  myosin  and  actin 
filaments.  Some  cells  were  found  which 
had  developed  ACh  sensitivity  and  con- 
structed myofibrils  without  undergoing 
cell  fusion.  By  clonal  analysis  and  by 
labeling  with  tritiated  thymidine,  we 
showed  that  many  of  these  cells  arise  by 
cell  division  in  culture.  Next  we  exam- 
ined myogenic  cells  which  were  cultured 
in  low  calcium  medium  in  which  cell 
fusion  is  inhibited.  In  this  case,  myogenic 
cells  align  in  loose  aggregates  and  slowly 
elongate  into  very  long  bipolar  cells. 
Such  bipolar  cells  are  ACh  sensitive  and 


62  CARNEGIE     INSTITUTION 

contain  both  thick  and  thin  filaments,  ally  to   muscle   cells.    Assuming   a    1:1 

again  demonstrating  that  cell  fusion  is  binding  of  BGT  to  receptor,  and  knowing 

not  prerequisite  for  further  muscle  differ-  the    specific    activity    of    the    125I-BGT 

entiation.    Another  culture  medium  was  (104  Ci/M),  the  time  of  exposure  of  the 

used  to   block  cell   division.    Myogenic  autoradiographs  (nine  days)  and  the  ap- 

cells  cultured  in  this  medium  often  elon-  proximate  efficiency  of  grain  production 

gate   and   become   ACh-sensitive,   myo-  (0.5),  we  have  calculated  that  the  density 

fibril-containing,      mononucleate      cells,  of  ACh  receptors  on  the  surface  of  these 

Thus  many  cells  are  present  in  the  16-  cells  ranges  from  1000  to  2700  receptors 

to   17-day  rat  embryo  leg  tissue   (from  per  /a2  of  surface.   Assuming  a  molecular 

which  the  cells  are  derived)   which  can  weight  of  105  for  the  receptor,  1000  recep- 

differentiate  into  muscle  in  vitro  without  tor  molecules  would  weigh  about  2   X 

a  series  of  cell  divisions  or  cell  fusion.  10~16  g.   Since  we  have  estimated  that  a 

While  ACh  sensitivity  appears  at  the  /u-2  of  surface  membrane  contains  about 

onset  of  muscle  differentiation,  ACh  re-  1  X  10~14  g  of  protein,  we  have  calculated 

ceptors  seem  to  play  no  role  in  the  early  that  about  1/50  of  the  membrane  protein 

events  of  myogenesis,  as  evidenced  by  is  ACh  receptor. 

the  failure  of  receptor  blocking  by  d-  We  have  also  studied  the  kinetics  of 
tubocurarine  chloride,  excess  ACh,  or  ACh  receptor  production  and  incorpora- 
a-bungarotoxin  to  interfere  with  myo-  tion  into  the  membranes  of  developing 
genesis.  The  early  appearance  of  ACh  muscle  fibers  by  blocking  the  ACh  recep- 
receptors  during  myogenesis  perhaps  re-  tors  with  nonradioactive  BGT  (ACh  sen- 
fleets  coordinate  genetic  control  of  myo-  sitivity  less  than  0.01  mV/nC)  and  then 
sin,  actin,  and  receptors.  monitoring  the  reappearance  of  ACh  re- 
ceptors or  ACh  sensitivity  after  washing 
Density  of  ACh  Receptors  in  Muscle  Sur-  out  the  unbound  BGT.  Although  some 
face  Membranes  and  the  Kinetics  of  heterogeneity  exists  among  cells  in  each 

Receptor  Appearance  in  Desensitized  culture,  30  minutes  after  removing  BGT 

Embryonic  Muscle  Fibers  the  ACh  sensitivity  has  increased  from 

<0.01  mV/nC  to  0.5  mV/nC.    The  ap- 

Criss  Hartzell  and  Douqlas  Fambrouqh  r             A  ^i               ,           ■,    ,      ,     , 

pearance  of  new  ACh  receptors,  detected 

Recently  we  have  studied  various  as-  by  autoradiography  of  cultures  incubated 

pects  of  ACh  receptors  in  membranes  of  in  125I-BGT  at  various  times  after  BGT 

developing  and  adult  muscle  fibers  with  washout,  paralleled  the  increase  in  ACh 

the  aid  of  a-bungarotoxin  (BGT),  a  poly-  sensitivity.   The  rate  of  reapeparance  of 

peptide  isolated  from  the  venom  of  the  ACh  sensitivity  was  greatly  depressed  by 

Formosan  snake,  Bungarus  multicinctus,  complete  inhibition  of  protein  synthesis 

by    chromatography    on    CM-Sephadex.  by    cycloheximide    and,    to    a    slightly 

BGT  irreversibly  blocks  the  depolarizing  greater  extent,  by  inhibition  of  ATP  syn- 

effect  of  ACh  iontophoretically  applied  to  thesis  with  dinitrophenol  and  iodoacetate. 

muscle 'cells,  presumably  by  combining  Likewise,  the  incorporation  of  new  recep- 

with  the  ACh  receptor.  The  purified  BGT  tors    as    measured    autoradiographically 

was  iodinated  with   125I   by  the   chlor-  requires    both    protein    and    ATP    syn- 

amine-T  method  to  yield  an  average  of  thesis.   These  data,  however,  still  do  not 

one  iodine  per  BGT  and  specific  activities  distinguish  between  two  major  possibil- 

of  104  to  105  Ci/M.  By  incubating  rat  or  ities:  synthesis  of  new  ACh  receptors  or 

chick  skeletal  muscle  tissue  cultures  with  activation  of  latent  receptors  by  newly 

the  125I-BGT,  washing  out  the  unbound  synthesized  molecules. 

125I-BGT,   and    performing    autoradiog-  These    possibilities    may    be    distin- 

raphy  on  the  cultures,  we  have  demon-  guished   only   after  we  have   devised  a 

strated  that  the  125I-BGT  binds  specific-  method  for  the  isolation  and  character- 
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ization  of  ACh  receptors.  We  are 
attempting  to  isolate  receptors  from  puri- 
fied plasma  membranes.  Plasma  mem- 
branes are  purified  from  adult  rat  leg 
muscle  by  a  modification  of  Peter's 
method  for  isolation  of  crude  plasma 
membranes,  followed  by  mild  homogen- 
ization  and  collagenase  treatment  (to 
release  the  plasma  membranes  from  the 
basement  membrane  and  contaminating 
capillaries)  and  density  gradient  centri- 
fugation.  The  purified  plasma-membrane 
vesicles  are  free  from  other  identifiable 
subcellular  particles  and  have  high  spe- 
cific activity  (0.4  m/xM  phosphate  re- 
leased//^ protein/min.)  Na-K  ATPase, 
an  enzyme  characteristic  of  plasma  mem- 
branes. Binding  experiments  have  dem- 
onstrated that  membranes  isolated  from 
normal  muscles  bind  100  cpm  of  125I- 
BGT  per  /xg  membrane  protein,  whereas 
membranes  from  14-day  denervated 
muscles  bind  450  cpm  125I-BGT  per  ^g 
protein,  as  would  be  expected  from  the 
higher  ACh  sensitivity  of  denervated 
muscle.  Based  on  these  binding  data,  we 
calculate  that  about  1/100  of  the  mem- 
brane protein  isolated  from  denervated 
muscle  is  receptor  protein,  in  very  good 
agreement  with  the  value  1/50  derived 
from  autoradiographic  data  of  embryonic 
muscle  (see  above).  ACh  sensitivity  of 
embryonic  and  denervated  muscle  is 
comparable. 

Behavior  of  Species-Specific  Muscle  Sur- 
face Antigens  in  the  Membranes  of 
Tissue-Cultured   Muscle    Cells 

Douglas  Fambrough,  in  collaboration  with 

Michael  Edidin,  Department  of  Biology, 

The  Johns  Hopkins  University 

We  are  using  fluorescent  antibody  tech- 
niques to  study  the  species-specific  sur- 
face antigens  on  fusing  myoblasts  and  on 
myotubes  in  tissue  culture.  We  have  pre- 
pared antisera  against  isolated  muscle 
membranes  and  against  whole  muscle 
cells  by  injecting  these  antigens  into  mice 
and  rabbits  and  later  harvesting  the 
serum.  Each  antiserum  binds  exclusively 


to  chick  or  exclusively  to  rat  antigens. 
The  bound  antibodies  are  located  by  ap- 
plication of  fluorescent  antibodies  pre- 
pared against  mouse  or  rabbit  gamma 
globulin. 

Myotubes  form  by  the  fusion  of  myo- 
genic cells,  and  this  fusion  is  not  species 
specific.  Thus,  heterospecific  myotubes 
can  easily  be  generated  in  tissue  culture. 
These  heterospecific  myotubes  contain 
the  genetic  information  for  both  rat  and 
chick  surface  antigens.  We  asked  the 
question,  are  the  chick-specific  surface 
antigens  located  on  the  myotube  near 
chick  nuclei  and  the  rat-specific  antigens 
near  rat  nuclei?  The  answer  is  clearly 
no.  We  have  found  that  the  surface  anti- 
gens are  not  uniformly  distributed  over 
the  membrane,  but  occur  partially  local- 
ized in  patches.  Nevertheless,  rat  and 
chick  specific  antigens  are  distributed 
identically,  any  patch  rich  in  one  antigen 
being  also  rich  in  the  other.  The  chem- 
ical identity  of  these  antigens  is  not 
known,  but  generally,  species-specific 
antigens  demonstrated  by  similar  tech- 
niques in  other  cases  turn  out  to  be  pro- 
tein rather  than  carbohydrate.  We  cannot 
yet  interpret  this  distribution  in  terms  of 
a  generating  mechanism.  Clearly  there  is 
not  a  strong  partitioning  of  each  myo- 
tube, each  portion  being  served  largely 
by  the  nucleus  situated  within  it.  Prob- 
ably the  randomization  of  antigenic  sites 
with  respect  to  the  genetic  information 
sources  will  be  explained  in  part  by  mi- 
gration of  nuclei  within  the  myotube  and 
to  a  larger  extent  by  diffusion  of  the  anti- 
gens' messenger  RNAs  and  of  the  newly 
synthesized  antigens  before  incorporation 
into  surface  membranes. 

Experiments  are  currently  in  progress 
to  examine  another  aspect  of  the  antigen 
distribution  in  heterospecific  myotubes. 
At  the  moment  of  fusion  of  chick  and  rat 
myoblasts,  surface  antigens  are  obviously 
not  mixed.  In  small  myotubes,  however, 
we  fail  to  find  any  remnants  of  chick  and 
rat  membrane  segregation.  Thus  fusion 
must  be  followed  very  quickly  by  "mix- 
ing" of  the  donor  membranes  or  rapid 
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turnover  of  surface  antigens.  We  are 
using  heterospecific  cell  fusion  to  explore 
the  time  course  of  membrane  integration. 
The  rate  of  "mixing"  may  yield  informa- 
tion on  the  translational  freedom  of  pro- 
teins in  these  cell  membranes. 

Finally,  we  are  attempting  to  measure 
the  translational  freedom  of  surface 
antigens  in  another  way.  Since  myotubes 
are  quite  long,  it  is  possible,  using  micro- 
pipetting  techniques,  to  label  a  relatively 
short  segment  (about  50  /*)  of  the  myo- 
tube  surface  with  fluorescent  antibody 
and  then  to  monitor  the  "spread"  of  this 
fluorescent  patch.  We  have  observed 
various  responses  to  antibody  applica- 
tion. These  responses  are  observed  with 
univalent  as  well  as  divalent  antibody, 
and  thus  are  not  related  to  cross-linking 
of  surface  components.  Our  observations 
include  movement  of  the  entire  fluores- 


cent patch  with  respect  to  the  position  of 
the  myotube,  contraction  of  the  fluores- 
cent area,  and  slow  diffusive  spread  of  the 
fluorescence.  The  rate  of  this  last  form  of 
movement  (which  often  follows  an  initial 
period  of  contraction)  is  about  1—2  ^  per 
hour.  This  is  considerably  slower  than 
the  "mixing"  rate  for  mouse  H-2  anti- 
gens and  human  antigens  on  virus-fused 
mouse-human  heterokaryons,  the  only 
other  system  in  which  such  movement  has 
been  measured. 

These  experiments  may  be  quite  rele- 
vant to  our  studies  of  ACh  receptor  con- 
trol. Both  the  translational  freedom  of 
membrane  proteins  and  the  domain  of 
influence  of  each  nucleus  in  the  skeletal 
muscle  fiber  may  be  important  factors  in 
explaining  the  control  of  ACh  receptor 
distribution  in  innervated  mammalian 
skeletal  muscle. 


FURTHER     STUDIES     OF    FACTORS     REGULATING 
THE     FUSION     OF     MYOBLASTS 


Preliminary  Observations  on  Fusion  in 
Developing  Rat  Skeletal  Muscle 

John  E.  Rash  and  Douglas  Fambrough 
in  consultation  with  James  D.  Ebert 

As  we  have  already  remarked,  the 
normal  course  of  development  of  skeletal 
muscle  in  vertebrates  consists  of  a  prolif- 
eration of  mononucleate  myoblasts,  their 
aggregation  and  fusion  into  multinucleate 
myotubes,  development  of  cross-striations 
and  contractility,  and,  after  development 
of  peripheral  nerves,  functional  innerva- 
tion by  motor  neurons  at  acetylcholine 
(ACh) -sensitive  neuromuscular  junc- 
tions. Previously  published  ultrastruc- 
tural  studies  of  myogenesis  have  been 
restricted  primarily  to  analyses  of  myo- 
filament production  and  myofibrillar 
organization,  virtually  omitting  other 
aspects  of  muscle  development.  Recently, 
we  (Fambrough  and  Rash,  Develop- 
mental Biology,  in  press)  reported  the 
first  combined  electrophysiological  and 
electron  microscopic  data  relating  the  dif- 
ferentiation of  the  surface  membrane 
phenomenon  of  ACh  sensitivity  to  cell 


fusion,  cytoplasmic  differentiation,  and 
the  cell  cycle.  ACh  sensitivity  was  found 
to  be  a  property  of  all  multinucleate  myo- 
tubes, most  elongate  mononucleate  myo- 
blasts, but  not  of  short  bipolar  myoblasts. 
Further,  we  were  able  to  monitor  ACh- 
sensitive  cells  for  extended  periods  of 
time  and,  subsequently,  to  examine  serial 
sections  of  these  cells  by  electron  micros- 
copy. The  techniques  developed  in  that 
study  and  the  data  derived  therefrom  are 
presently  being  utilized  in  an  attempt  to 
characterize  the  ultrastructural  and  elec- 
trophysiological alterations  of  the  cell 
membrane  accompanying  cell  fusion. 

Because  of  the  rapidity  of  cell  fusion  in 
our  cultures  and  because  of  the  apparent 
disagreement  among  the  various  investi- 
gators concerning  the  mechanism  (s)  of 
cell  fusion,  we  are  attempting  to  identify 
the  precise  moment  of  fusion  by  electro- 
physiological techniques.  In  this  proce- 
dure a  pair  of  closely  apposed  cells  is  first 
selected.  The  transmembrane  potential 
of  one  of  these  cells  is  continuously  moni- 
tored by  intracellular  recording,  using  a 
KCl-filled  microelectrode.   Acetylcholine 
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is  pulsed  onto  the  surface  of  the  other  cell 
until  the  first  ACh  potential  is  propagated 
from  one  cell  to  the  other.  Electrical 
coupling  probably  occurs  at  the  instant  of 
cytoplasmic  (or  membrane)  continuity 
between  the  cells.  The  cells  are  then  fixed 
after  varying  periods  of  time,  which,  it  is 
hoped,  will  allow  the  first  observations  of 
fusing  cells,  selected  in  advance,  and  ex- 
hibiting varying  degrees  of  cytoplasmic 
continuity.  Initial  attempts  have  demon- 
strated the  feasibility  of  the  proposed 
method,  but  have  not  as  yet  revealed  the 
fusion  process.  Unexpectedly,  however, 
previously  unresolved  cytoplasmic  exten- 
sions have  been  observed  to  connect 
widely  separated  myoblasts  and  myo- 
tubes.  These  minute  "microfilopodia," 
although  measuring  less  than  2000  A  in 
diameter,  often  extend  the  20-50  fx  gap 
between  cells.  Since  during  the  course  of 
recording,  these  cytoplasmic  projections 
may  extend  from  the  monitored  cell  to  the 
region  of  the  ACh  electrode,  resulting  in 
erroneous  indications  of  propagated  po- 
tentials, we  recognize  that  extreme  cau- 
tion must  be  exercised  in  the  selection  of 
suitable  cells  and  in  the  placement  of  the 
electrodes.  Although  the  demonstration 
of  cell  fusion  would  be  sufficient  regard- 
less of  the  presence  or  absence  of  these 
extensions,  we  hope  to  obtain  complete 
serial  sections  of  the  initial  1—2  fi  near 
the  cell  culture-dish  interface  to  rule  out 
the  possibility  of  any  spuriously  trans- 
mitted ACh  potentials.  Despite  the  ob- 
vious difficulties  to  be  encountered,  we 
believe  that  by  combining  electrophysiol- 
ogy  and  electron  microscopy,  myoblast 
fusion  can  be  studied  in  a  predictable  and 
reproducible  manner,  allowing  the  de- 
termination of  the' precise  chronology  of 
events  in  this  dynamic  process. 

The  Role  of  Divalent  Cations  in 
Fusion 

Eijiro  Ozawa 

Last  year  Ozawa,  working  in  consulta- 
tion with  Ebert,  reported  that  Ca++  played 


an  essential  role  in  the  fusion  of  myo- 
blasts cultured  from  chick  embryo  thigh 
muscle.  As  described  briefly  in  Year 
Book  69,  p.  587,  he  found  that  the  "qual- 
ity" of  development  of  myotubes  in  vitro 
was  dependent  upon  the  Ca++  concentra- 
tion in  the  medium. 

Ozawa  has  continued  to  explore  this 
phenomenon  independently.  The  follow- 
ing is  a  brief  summary  of  his  newer  find- 
ings. 

The  question,  "Does  Ca++  act  directly 
on  the  fusion  process,  or  indirectly,  by 
promoting  cell  growth?"  was  first  ad- 
dressed. There  was  good  reason  to  ask 
this  question.  Although,  as  reported  by 
others,  the  removal  of  Ca++  from  a 
medium  does  not  affect  the  growth  of 
newborn  mouse  myoblasts,  Ozawa  ob- 
served that  in  Ca++-free  medium  the  pro- 
liferation of  chick  embryo  myoblasts  was 
affected.  The  addition  of  Ca++  enhanced 
seeding  and  proliferation  as  well  as 
fusion.  From  this  and  other  evidence 
Ozawa  has  now  concluded  that  Ca++  does 
directly  affect  fusion.  Some  of  the  evi- 
dence may  be  summarized  briefly. 
Throughout  the  study,  he  has  employed 
medium  F  12215,  in  which  Ca++  and  Mg++ 
were  removed  by  treatment  with  Chelex 
100  cation  exchange  resins,  replacing  Ca++ 
and  Mg++  by  Na+.  Embryo  extract,  horse 
serum,  and  other  reagents  were  treated 
separately  as  well.  He  first  compared  the 
concentrations  of  Ca++  needed  for  fusion 
with  cell  populations  of  5  X  103  and 
4  X  104  per  cm2  (of  bottom  of  culture 
dish).  They  were  essentially  the  same. 
Further,  although  the  number  of  cells 
seeded  on  the  bottom  of  the  dish  in  the 
absence  of  Ca++  when  the  inoculum  was 

4  X  104/cm2  was  larger  than  it  was  with 

5  X  103  cells/cm2  in  3  X  10"4  M  Ca++, 
cells  in  3  X  10"4  M  Ca++  ion  fused,  while 
cells  in  the  absence  of  Ca++  did  not.  More- 
over, the  time  required  for  fusion  after 
the  addition  of  Ca++  was  far  less  than  that 
required  for  cell  multiplication.  For  ex- 
ample, cells  cultured  for  two  days  in  a 
medium  containing  3  X  10~3  M  Mg++  and 
2  X  10"5  M  Ca++  did  not  fuse;  yet  they 
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fused  within  30  minutes  after  the  addition 
of  a  sufficient  amount  of  Ca++. 

Ozawa  has  also  continued  to  explore 
the  specificity  of  the  requirement  for 
Ca++.  Even  when  the  culture  medium  did 
not  contain  Mg++,  cells  fused  in  the  pres- 
ence of  a  sufficient  amount  of  Ca++.  In  the 
absence  of  Ca++,  however,  cells  did  not  fuse 
within  two  days  in  the  presence  of  Mg++, 
Sr++  and/or  Ba++  ion.  Although  occasion- 
ally myotubes  with  two  or  three  nuclei 
were  found  in  the  medium  without  Ca++, 
they  were  small  in  both  number  and  size. 
It  has  been  generally  recognized  that  Sr++ 
can  replace  Ca++  in  many  biological  sys- 


tems; here,  however,  Sr++  did  not  replace 
Ca++  even  when  the  medium  contained 
Sr++  at  10"2  M.  Further,  neither  Sr++  nor 
Mg++  interfered  with  the  effect  of  Ca++  on 
cell  fusion,  suggesting  that  the  Ca++-bind- 
ing  site  is  independent  of  those  for  Mg++ 
and  Sr++. 

Ozawa  has  also  devoted  attention  to 
the  effects  of  chick  embryo  extract  on 
fusion  in  an  attempt  to  determine  whether 
such  extracts  might  contain  factors  that 
could  enhance  the  process.  Thus  far,  the 
findings  are  too  preliminary  to  warrant 
discussion. 


PACEMAKER  RATE  CONTROL  AND  MITOTIC 
ACTIVITY  IN  THE  EMBRYONIC  HEART 

R.  L.  DeHaan,  J.  0.  Dunning,  R.  Hirakow,  T.  F.  McDonald,  J.  Rash,  H.  Sachs, 

J.  Wildes,  and  H.  K.  Wolf 


Inductive  Interactions  in  Heart  Cell 
Differentiation 

During  the  first  hours  of  development 
of  the  chick  embryo  (stages  3-f-  to  4 — ), 
the  progenitors  of  myocardial  tissue  exist 
in  bilateral  regions  of  the  epiblast  ad- 
jacent to  and  roughly  halfway  between 
the  anterior  and  posterior  ends  of  the 
elongating  primitive  streak.  Precardiac 
mesoderm  begins  its  invagination  through 
the  streak  at  stage  4 —  along  with  the  rest 
of  the  mesoderm.  Preconus  migrates  into 
mesoderm  before  preventricle,  and  pre- 
ventricle  before  preatrium.  The  pre- 
cardiac mesoderm  then  moves  anteriorly 
to  form  well-defined  bilateral  regions  at 
stage  5  centered  at  the  level  of  Hensen's 
node  halfway  between  the  node  and  the 
lateral"  edge  of  the  area  pellucida. 

While  precardiac  mesoderm  exists  as  a 
loose  spongy  layer  of  primary  mesen- 
chyme just  after  invagination,  by  the 
end  of  the  first  day  (stage  6)  it  becomes 
a  flat  mesothelial  sheet.  Near  the  form- 
ing head  fold  and  shallow  foregut  of  the 
stage  7  (one  somite)  embryo,  precardiac 
mesoderm  seems  to  thicken  and  condense, 
forming  a  layer  of  columnar  cells  that  ap- 


pears to  move  anteriorly  as  a  cohesive 
sheet.  Paired  myocardial  folds  develop 
from  these  condensed  regions  by  stage  8 
(four  somites)  and  begin  to  fuse  rostro- 
caudally  at  stage  9 —  and  beat  rhythmic- 
ally at  about  stage  10  (ten  somites). 
During  this  process,  a  basal  layer  of 
splanchnic  mesoderm  separates  from  so- 
matic mesoderm,  beginning  at  stage  8 — , 
to  form  eventually  a  compact  myocardial 
layer  two  to  three  cells  thick  by  stage  12. 

In  exploring  mechanisms  behind  the 
complex  events  of  cardiac  morphogenesis 
it  is  important  to  examine  the  initial 
phases  of  cellular  differentiation.  When 
does  "protodifferentiation"  of  precardiac 
material  occur  and  through  what  mecha- 
nisms? Are  inductive  interactions  re- 
quired? When  does  determination  of  pre- 
cardiac mesoderm  become  independent  of 
its  association  with  surrounding  tissues? 
When  does  heart  myoblast  determination 
become  independent  of  possible  inductive 
interactions  with  other  cells? 

During  the  past  year  John  Dunning 
has  been  examining  the  timing  of  heart 
myocyte  determination  in  an  effort  to 
discover  the  location  and  sequence  of 
cellular  interactions  required  for  directing 
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and  stabilizing  this  pathway  of  differen- 
tiation. The  assay  used  is  the  capacity  of 
mesoderm  to  develop  into  cells  showing 
the  structural  and  functional  properties 
of  heart  muscle  under  different  permissive 
conditions. 

Based  upon  the  findings  and  techniques 
of  Stalsberg  and  DeHaan,  very  permis- 
sive conditions  are  obtained  by  trans- 
planting endomesodermal  fragments  from 
precardiac  regions  into  a  previously 
cleared  region  of  the  blastoderm  destined 
to  remain  extraembryonic.  The  develop- 
ment of  these  precardiac  fragments  is 
traced  by  using  3H-thymidine  labeled 
donors  with  unlabeled  recipients  at  the 
same  ages.  Recipients  are  prepared  with 
the  reciprocal  implant  of  heterologous 
tissue  into  precardiac  regions  as  well. 
About  30  hours  after  the  transplants  have 
healed,  recipients  are  fixed  for  autoradi- 
ography or  electron  microscopy.  The 
latter  work  is  still  in  its  preliminary 
stages  and  will  be  reported  subsequently. 

The  first  findings  by  light  microscopy 
indicate  that  preconus  mesoderm  devel- 
ops into  myocardium  if  transplants  to  the 
heterologous  region  are  performed  as 
early  as  stage  4-|-.  The  older  the  embryo 
used,  the  greater  the  degree  of  periodic 
acid  Schiff  (PAS) -staining  and  myo- 
cardial vesicle  formation  found  in  the 
implant.  The  implant  from  a  stage  4+ 
donor  has  PAS-staining  and  tissue  thick- 
ening only  in  the  center  of  the  labeled 
implant,  whose  edges  conform  in  mor- 
phology and  staining  with  the  surrounding 
heterologous  tissue.  When  transplants 
are  made  at  stage  7+,  however,  nearly 
the  entire  implant  stains  with  PAS,  and  a 
vesicle  sometimes  develops  within  the 
implant,  which  beats  rhythmically. 

On  the  other  hand,  preatrial  implants 
into  the  heterologous  region  may  fail  to 
form  PAS-staining  myocardial  tissue  if 
transplanted  before  stage  5.  In  addition, 
the  degree  of  myocardial  differentiation 
appears  to  be  less  than  that  obtained 
from  preconus  material  transplanted  at 
corresponding  stages. 

A  graded  response  also  appears  for  the 


reciprocal  transplant  of  heterologous  tis- 
sue into  the  precardiac  area.  Such  im- 
plants into  any  part  of  the  stage  5  pre- 
cardiac region  appear  to  take  on  all  the 
staining  and  morphological  properties  of 
heart  at  the  light  level  of  analysis.  Stage 
6  implants  into  preconus  tissue  fail,  but 
those  into  preatrium  succeed  in  being 
completely  capable  of  forming.  The  de- 
gree of  failure  increases  with  the  trans- 
plantation age  and  is  detected  as  a  bulg- 
ing and  lack  of  PAS-staining  in  the  center 
of  the  implant.  By  stage  8,  even  a  trans- 
plant into  preatrium  fails  to  develop  into 
heart  by  stage  13. 

In  summary,  preconus  seems  to  be  de- 
termined earlier  than  more  posterior  re- 
gions. Yet,  this  assay  says  nothing  about 
inductive  stimuli  that  may  be  involved  in 
myocardial  determination  and  differen- 
tiation or  where  such  stimuli  may  origi- 
nate. Are  both  heteroinduction  and 
homoinduction  required  for  myocardial 
differentiation?  In  heteroinduction,  in- 
formation transfer  leading  to  specific  dif- 
ferentiation passes  between  two  cell 
types,  whereas  in  homoinduction,  trans- 
fer occurs  within  a  homogeneous  tissue 
mass  and  may  be  assayed  as  a  mass  effect 
(cf.  Grobstein,  1958). 

Another  assay  for  myocardial  determi- 
nation is  being  used  to  examine  the  pos- 
sible role  of  inductive  interaction  of 
either  type.  Tissue  fragments  containing 
2000  to  4000  cells  are  cut  from  chick 
blastoderms  at  various  stages  and  cul- 
tured in  agar-coated  spotplates  contain- 
ing medium  818A.  Among  a  great  variety 
of  media  tested  (Year  Book  69,  pp.  590- 
592),  818A  has  been  found  to  maximize 
the  capacity  for  cells  to  differentiate 
beating  activity  in  vitro  while  minimizing 
mitotic  activity.  Fragment  tissue  layers 
may  be  teased  apart  at  0-5  °C  with  glass 
needles.  A  brief  exposure  to  a  disaggre- 
gation medium  containing  0.5%  trypsin 
is  usually  required  to  separate  pieces  of 
pure  endoderm  from  mesoderm. 

Although  the  results  of  this  study  are 
far  from  complete,  a  few  generalizations 
may  be  proposed  from  available  evidence. 
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Isolated  precardiac  mesoderm  has  the 
capacity  to  form  beating  tissue  if  taken 
from  embryos,  as  young  as  stage  5  and 
cultured  in  vitro.  Large  intact  pieces  of 
mesoderm  have  not  been  obtained  from 
embryos  younger  than  stage  5  thus  far 
because  of  the  fragile  mesenchymatous 
consistency  of  this  germ  layer  at  earlier 
stages.  By  stage  6+,  however,  even  tiny 
fragments  of  mesoderm  are  observed  to 
form  beating  cell  clusters  after  two  days 
of  culture.  Precardiac  endomesoderm,  on 
the  other  hand,  produces  beating  vesicles 
when  isolated  from  embryos  as  young  as 
stage  4  and  cultured  in  vitro.  Fragments 
of  precardiac  endomesoderm  typically 
round  up  and  form  hollow  vesicles  with 
endoderm  layered  outside  mesoderm  (Fig. 
39).  If  such  fragments  are  deficient  in 
endoderm,  however,  mesoderm  may  sur- 
round endoderm  in  the  vesicle  formed.  In 
precardiac  endomesodermal  fragments 
taken  from  stages  4  to  5,  there  is  a  ten- 
dency for  monolayered  double  vesicles 
(dumbbells)  to  develop  in  which  one 
vesicle  is  beating  mesoderm  and  the  other 
is  endoderm.  Endoderm  or  ectoderm 
alone  forms  monolayered  nonbeating 
vesicles    at    all    stages    tested,    whereas 


mesoderm  alone  does  not  form  vesicles. 
Precardiac  mesoderm  alone  instead  forms 
solid  masses  in  vitro  that  beat  about  the 
periphery. 

The  available  evidence,  however,  does 
warrant  speculation  about  when  and  how 
the  capacity  to  differentiate  beating  ac- 
tivity may  be  induced.  Six  attempts  to 
culture  stage  4  epiblast  containing  pre- 
cardiac material,  as  mapped  out  by 
Rosenquist,  did  not  give  rise  to  beating 
tissue,  whereas  three  out  of  five  attempts 
with  stage  4  precardiac  endomesoderm 
did.  This  suggests  that  movement  through 
the  primitive  streak  may  be  required  for 
myocardial  determination.  Waddington 
suggested  nearly  20  years  ago  that  endo- 
derm may  provide  a  primary  inductive 
stimulus  for  heart  myocyte  differentia- 
tion. Yet  in  three  out  of  four  cases,  Hen- 
sen's  node  from  stage  4  embryos  was 
found  to  develop  beating  tissue  in  vitro, 
whereas  at  stages  older  than  4  it  has 
failed  in  all  of  nine  attempts  thus  far. 
As  Mulherkar  observed,  at  stage  4  myo- 
cardial induction  seems  to  be  centered 
about  Hensen's  node,  which  is  anterior 
and  medial  to  heart  primordial  tissue 
mapped  out  by  Rosenquist.    Endoderm 


a 


Fig.  39.  Culture  of  precardiac  fragments,  (a)  Mesoderm  alone  produces  a  beating  fragment 
(top),  while  endoderm  alone  forms  a  nonbeating  vesicle  (bottom),  (b)  Ectoderm  alone  forms  a 
nonbeating  fluid-filled  vesicle  (top) ;  precardiac  endomesoderm  produces  a  double-layered  beating 
mass  (bottom),  (c)  Stage  8  donor  embryo  after  dissection  of  right  and  left  precardiac  endomeso- 
derm for  culture. 
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may  be  playing  a  facilitative  role,  "pro- 
tecting" determined  myoblasts  from  a 
hostile  environment  in  vitro  and  keeping 
precardiac  cells  together  at  a  certain 
critical  mass.  Work  is  now  in  progress  to 
determine  which  of  the  alternative  hy- 
potheses is  correct. 


Differentiation  of  Spontaneous  Beat- 
ing in  Precardiac  Mesoderm  Cells 
Isolated  in  Tissue  Culture 

That  heart  induction  of  some  type  does 
occur  is  further  supported  by  observa- 
tions on  cultures  of  isolated  cells  under 
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Fig.  40.  Percentage  of  well-isolated  beating  cells  (%WIBC)  that  develop  from  precardiac  meso- 
derm isolated  at  progressively  older  stages.  Each  point  represents  the  %WIBC  figure  per  1000  cells 
counted  from  embryos  at  a  particular  age.  A  solid  circle  indicates  that  precardiac  endomesodermal 
fragments  from  a  single  stage  were  used.  An  open  circle  indicates  that  fragments  from  equal 
numbers  of  two  or  three  sequential  stages  were  used,  in  which  case  the  average  point  is  indicated. 
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nongrowth  conditions.  Further  modifica- 
tions of  DeHaan's  technique  for  heart  cell 
dissociation  were  made  by  Dunning  in 
successful  efforts  to  obtain  well-dispersed 
cultures  of  single  cells  from  precardiac 
endomesoderm.  Cell  death  and  incom- 
plete dissociation  were  minimized  by  re- 
ducing the  trypsin  concentration  of  the 
disaggregation  medium  to  0.01%  and 
using  a  lower  stirring  speed  for  the  fragile 
tissue.  Beating  activity  in  cultures  was 
maximized  by  cutting  out  and  pooling 
only  precardiac  endomesoderm,  as  defined 
by  Stalsberg  and  DeHaan,  from  carefully 
staged  explanted  embryos.  Well-isolated 
attached  cells  (WIC),  separated  from  all 
cell  neighbors  by  more  than  150  n,  were 
counted  in  cultures  at  the  time  at  which 
beating  activity  (%  well-isolated  beating 
cells,  WIBC)  was  found  to  be  a  maxi- 
mum. For  precardiac  endomesoderm  from 
stage  10 —  embryos  this  time  was  30  hours 
after  plating,  for  stage  6+  embryos  it 
was  50  hours,  and  for  stage  5  embryos 
beating  groups  did  not  appear  until  60 
hours  after  plating. 

Less  than  2%  of  the  WIC  population 
from  stage  8  dissociated  precardiac  endo- 
mesoderm was  found  to  have  been  labeled 
during  culture  for  36  hours  in  medium 
8 18 A  containing  0.05  /xC/ml  ^-thymid- 
ine. Therefore,  the  WIC  cells  cultured  in 
medium  818A  are  cells  which  may  self- 
differentiate  in  vitro  over  time  in  the 
absence  of  division  or  cellular  interac- 
tions. 

Well-isolated  cell  count  data  from  92 
sparse  cultures  (plating  density  about 
104  cells/ml)  of  dissociated  precardiac 
endomesoderms  pooled  in  medium  818A 
at  various  stages  are  represented  graph- 
ically in  Fig.  40.  The  proportion  of  WIC's 
found  beating  in  culture  increases  dra- 
matically between  stages  6 —  and  10 —  and 
is  nearly  logarithmic  between  stages  7 
and  9.  As  reported  previously  (Year Book 
69,  p.  590),  the  capacity  for  WIC's 
to  develop  beating  activity  in  vitro  is  not 
observed  in  cultures  from  embryos 
younger  than  stage  6—.  A  %WIBC  of 
less  than  0.1%  in  stage  6 —  precardiac 


endomesoderm  could  result  from  rare 
staging  errors.  For  most  of  the  cultures 
used  in  this  experimental  series,  the  plates 
were  stained  with  phosphotungstic  acid 
hematoxylin  (PTAH)  to  confirm  the 
presence  of  one  nucleus  per  cell  counted. 

If  heart  myoblasts  are  influenced  by 
other  cells  in  culture  prior  to  the  time  of 
counting,  crowded  plates  would  be  ex- 
pected to  have  a  higher  percentage  of 
isolated  beating  cells  (%IBC)  than 
sparse  plates.  But  %WIBC  should  not 
increase  with  plating  density  because  the 
degree  of  separation  from  any  neighbor 
(more  than  150  /x)  makes  such  contacts 
unlikely.  Thus,  in  cultures  in  which  a 
high  proportion  of  the  IBC's  are  induced 
in  vitro,  %IBC  may  be  greater  than 
%WIBC  since  the  well-isolated  popula- 
tion does  not  include  any  myocytes  in- 
duced in  vitro,  only  those  differentiated 
in  vitro.  But  the  %IBC  should  not  be 
greater  than  %WIBC  in  cultures  where 
the  capacity  for  induction  in  vitro  is  ab- 
sent. In  fact,  the  %IBC  may  be  lower 
due  to  fibroblast  division  within  groups 
followed  by  subsequent  separation  from 
cell  contacts. 

The  results  of  varying  the  plating  dens- 
ity (Table  9)  suggest  that  induction  in 
vitro  may  occur  in  cultures  from  stage  6 
but  not  from  stage  8  precardiac  endo- 
mesoderm. Also,  as  %WIBC  does  not 
appear  to  vary  with  plating  density  even 
when  induction  in  vitro  may  occur,  the 
logarithmic  increase  in  %WIBC  in  Fig. 
40  might  be  the  result  of  induction  in 
vivo  that  occurred  prior  to  stage  8,  but 
was  detectable  as  induction  in  vitro  in 
cells  taken  from  stage  6  embryos. 

Although  myoblasts  could  be  uniquely 
sensitive  to  our  dissociation  procedures, 
rapid  cell  division  of  heart  myoblasts  fol- 
lowing induction  but  prior  to  differentia- 
tion might  also  contribute  to  the  steep 
logarithmic  increase  graphed  in  Fig.  40. 
If  heart  myoblasts  are  dividing  at  a  rate 
faster  than  that  of  the  rest  of  the  cells  in 
precardiac  endomesoderm,  then  a  greater 
proportion  of  them  than  of  the  cell  popu- 
lation at  large  may  be  expected  to  be  in 
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TABLE  9.  The  Effect  of  Initial  Plating  Density  on  the  Percentage  of 
Beating  Myocytes  Which  Differentiate  in  vitro 


Stage 

Cells 

Attached 

WIBC 

IBC 

Dissociated 

Plated 

Cells /mm2 

WIC 

Percent 

IC 

Percent 

6-,  6,  6+ 

1  X  104 

1.2 

6/1150 

0.5 

12/1700 

0.7 

2  X  104 

3.5 

4/750 

0.5 

7/900 

0.8 

4  X  104 

12 

9/1500 

0.6 

22/1900 

1.2 

8-,  8,  8+ 

1  X  104 

2.1 

39/800 

4.9 

51/1200 

4.2 

2  X  104 

5.4 

17/360 

4.7 

20/500 

4.0 

4  X  104 

23 

43/900 

4.8 

51/1300 

3.9 

*  Equal  numbers  of  precardiac  endomesoderms  at  each  stage  pooled. 

WIC :  Well-Isolated  Cell — Cell  that  is  separated  from  all  its  neighbors  by  more 
than  150/u. 

WIBC:  Well-Isolated  Beating  Cell — Beating  cell  that  is  separated  from  all  its 
neighbors  by  more  than  150/i. 

IBC:  Isolated  Beating  Cell — Beating  cell  that  is  not  in  contact  with  another  cell. 


the  S  phase  of  division  at  any  given  time. 
Also,  the  heart  myoblast  population 
would  be  expected  to  enter  the  S  phase  of 
division  at  a  more  rapid  rate  than  would 
the  cell  population  at  large.  Pulse  lengths 
designed  to  label  all  cells  in  the  S  phase 
at  a  given  point  in  time  range  from  one- 
half  minute  in  growing  bacterial  suspen- 
sions to  one-half  hour  for  cohesive  masses 
of  growing  tissue  (Jenners  and  Searls, 
1970) .  For  well-spread  precardiac  endo- 
mesoderm  of  the  one  somite  chick,  10 
minutes  was  chosen  as  an  adequate  pulse 
period. 

Carefully  staged  explanted  embryos 
were  exposed  to  30  /xC/ml  of  ^-thymid- 
ine in  saline  at  37 °C  for  a  given  pulse 


period  and  then  washed  with  saline  con- 
taining 0.05  mg/ml  of  cold  thymidine  (a 
hundredfold  chase)  and  reincubated  for 
an  hour  over  albumin  containing  a  ten- 
fold chase.  After  being  carefully  staged 
again,  the  precardiac  endomesoderm  was 
cut  out  and  dissociated  for  cell  culture 
in  medium  818A  containing  5  ^g/ml  of 
cold  thymidine.  Counts  were  taken  from 
the  two-day  cultures  and  resulting  auto- 
radiographed  plates  (Table  10).  The 
data  indicate  that,  over  all  pulse  pe- 
riods at  the  stages  tried,  the  pro- 
portion of  myoblasts  differentiated  in 
vitro  which  incorporated  the  label  was 
greater  than  that  of  the  well-isolated  cell 
population  at  large.   This  result  suggests 


TABLE  10.    Incorporation  of  Labeled  Thymidine  into  Precardiac  Mesoderm  Cells 


Pulse 

Period 

WIBC 

LWIBC 

LWIC 

Stage 

(#  PCEM's) 

(min) 

IBC 

Percent 

WIBC 

Percent 

WIC 

Percent 

7-(8),7(6),7+(4)* 

7+(6),8- 

-(6),8(6)** 

10 

47/1300 

3.6 

10/40 

25 

143/1020 

14 

6+(4),7- 

-(6),7(4),7+(4)* 

7+(6),8- 

-(6),8(6)** 

70 

60/1700 

3.5 

31/48 

64 

192/550 

35 

8-(4),8(6),8+(8)* 

8(6),8+(6),9-(6)** 

70 

73/1000 

7.3 

39/63 

61 

338/760 

44 

8+(8),9- 

-(8)* 

8+(4),9- 

-(8),9(4)** 

70 

114/1000 

11 

36/95 

38 

149/500 

30 

*  Stage  at  the  beginning  of  the  pulse  period. 

**  Stage  at  which  the  labeled  tissue  is  dissociated. 

#  PC  EM's:  Number  of  precardiac  endomesoderms  from  each  stage  period. 
LWIBC:  WIBC  that  is  labeled  in  an  autoradiographed  plate. 
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that  myoblasts  may  be  dividing  much 
faster  than  the  cell  population  at  large, 
particularly  at  the  earliest  stage  tested. 
Such  a  difference  in  division  rate  might 
be  large  enough  to  account  for  the  rate 
of  increase  in  cells  capable  of  autodiffer- 
entiation  in  the  precardiac  endomesoderm 
between  stages  7  and  9  (graphed  in  Fig. 
40). 

The  results  in  Table  10  also  suggest 
that  the  apparent  rapid  division  rate  of 
myoblasts  at  stage  7  may  not  persist  past 
stage  8+.  Either  the  enhanced  division 
rate  is  reduced  in  subsequent  development 
or  the  population  of  cells  capable  of  this 
enhanced  rate  is  diluted  out  of  the  assay 
by  slowly  dividing  myocytes  that  do  not 
need  to  undergo  further  differentiation  in 
order  to  beat  in  vitro. 

If  heart  myoblasts  need  to  undergo 
rapid  division  just  prior  to  differentiation, 
perhaps  the  population  of  such  cells  in 
the  heart-forming  regions  is  asymmetric- 
ally distributed  toward  the  end  in  which 
differentiation  is  more  advanced,  the 
anterior  or  preconus  end. 

Precardiac  endomesoderm  of  embryos 
in  stages  6+  to  7+  was  cut  radially  to 
separate  preatrial  from  preventricle 
mesoderm.  These  posterior  and  anterior 
fragments  were  separately  pooled,  dis- 
sociated, and  cultured.  Counts  of  WIC's 
were  taken  and  beating  rates  of  WIBC's 
were  measured.  The  results  (Table  11) 
indicate  that  most  of  the  capacity  for 
heart  myocyte  autodifferentiation  is 
found  in  the  anterior  portion  of  precar- 
diac endomesoderm  at  these  stages.  How- 
ever, these  preventricular  cells  differenti- 
ate less  rapid  spontaneous  pulsation  rates 


when  dissociated  in  culture  than  do 
preatrial  cells.  Thus  the  faster  beating 
rate  of  day  7  atrial  cells  appears  to  be 
programmed  early  in  heart  myoblast 
differentiation. 

Mitotic  Growth  of  the 
Embryonic  Heart 

It  has  been  established  that  clonally 
derived  populations  of  some  types  of  cells 
can  be  switched  back  and  forth  between 
synthesis  of  differentiated  proteins  and 
rapid  mitotic  activity  by  alteration  of 
environmental  conditions.  What  is  the 
situation  with  regard  to  cardiac  myo- 
cytes? 

At  48  hours  of  incubation  the  heart  of 
a  chick  embryo  is  already  well  differen- 
tiated. It  beats  vigorously  at  120  to  150 
beats  per  minute  and  has  just  begun 
pumping  blood  through  the  newly  patent 
circulatory  system.  Manasek  recently 
examined  the  ultrastructure  of  the  em- 
bryonic myocardium  at  that  stage  and 
found  it  to  consist  of  a  pure  population 
of  myocytes;  that  is,  within  the  sampling 
limitations  of  ultra-thin  sectioning  tech- 
niques he  found  that  every  cell  contained 
well-organized  myofibrils. 

According  to  estimates  recently  pub- 
lished by  Stalsberg,  the  two-day  heart  is 
composed  of  about  10,000  cells.  In  the 
course  of  his  studies  on  disaggregated 
heart  cells,  DeHaan  found  that  the  num- 
ber of  cells  which  can  be  obtained  by 
trypsinization  from  a  four-day  heart  is 
more  than  200,000,  while  that  from  a 
seven-day  heart  is  about  two  million. 
Clearly,  the  early  functioning  heart  grows 


TABLE  11.   Spontaneous  Pulsation  Rate  Differentiated  in  vitro  by  Preatrial 
(posterior)  and  Preventricular  (anterior)  Mesoderm  Cells 


WIBC 

Average  Constant 

Stage  (#  PC  y2  EM's) 

Beating  Rate 

Dissociated 

Location 

WIC 

Percent 

( beats /min.) 

6+(4),7-(4),7(9),7+(8) 

posterior 

4/480 

0.8 

195 

anterior 

8/310 

2.6 

51 

6+(9),7-(6),7(3)7+(7) 

posterior 

5/500 

1.0 

180 

anterior 

7/300 

2.3 

68 
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by  an  increase  in  cell  number.  The  popu- 
lation of  heart  cells  increases  some  200- 
fold  in  five  days. 

Confronted  with  these  data,  DeHaan 
has  begun  an  investigation  of  the  mecha- 
nisms of  cardiac  growth.  The  question  is, 
how  does  the  population  of  heart  cells 
increase  despite  the  fact  that  the  tissue 
appears  to  be  well  differentiated  at  the 
beginning  of  the  growth  phase? 

Manasek  and,  more  recently,  Fisch- 
man  have  demonstrated  myocardial  cells 


in  the  intact  heart  containing  well-formed 
myofibrils  in  the  metaphase  of  the  mi- 
totic cycle.  Moreover,  DeHaan  has  re- 
ported that  beating  cardiac  myocytes 
divide  in  culture,  but  in  analyzing  con- 
tinuous time-lapse  cinematographic  films 
of  such  cells  he  found  that  the  event  was 
rare,  and  that  using  his  standard  culture 
media  and  techniques,  a  given  cell  was 
never  observed  to  divide  more  than  once. 
We  may  restate  the  question,  then,  more 
specifically:    Do    differentiated    beating 
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EMBRYO  AGE -DAYS 

Fig.  41.  Growth  of  the  embryonic  chick  heart.  Each  filled  circle  shows  the  mean  total  number  of 
cells  per  heart.  The  number  of  experiments  averaged  at  each  age  is  shown  in  parentheses.  Dis- 
aggregations were  performed  on  30  to  40  hearts  for  each  experiment  with  two-day  embryos,  ap- 
proximately 20  three-day  hearts,  six  to  eight  4-day,  two  to  four  7-day,  two  12-day,  and  one  18- 
day  hearts.  The  number  of  cells  in  the  P/k-day  (stage  10)  heart  is  derived  from  Stalsberg  (1969). 
The  data  on  heart  wet  weights  (triangles)  were  tabulated  from  the  literature  by  Romanoff  (1960). 
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myocytes  retain  the  capacity  for  rapid 
proliferation  in  vivo,  but  not  under  the 
culture  conditions  employed?  Or  is  there 
a  limited  stem-cell  population  of  non- 
differentiated  cells  small  enough  to  escape 
notice,  but  capable  of  producing  the  ob- 
served myocardial  growth  by  very  rapid 
mitotic  activity  and  subsequent  differen- 
tiation? 

As  a  first  step  in  approaching  these 
questions  DeHaan  has  determined  the 
total  number  of  cells  comprising  the  heart 
at  selected  stages  throughout  its  develop- 
ment from  two  days  to  18  days.  To  this 
end  he  has  modified  his  standard  dissocia- 
tion procedure  to  maximize  the  total  cell 
yield  by  increasing  the  number  of  tryp- 
sinization  cycles  and  taking  precautions 
to  avoid  losing  cells  during  any  of  the 
dissociation  steps.  The  resultant  growth 
curve  is  shown  in  Fig.  41.  Growth  in  cell 


number  parallels  growth  in  wet  weight. 
Data  for  the  latter  parameter,  also 
plotted  in  Fig.  41,  have  been  summarized 
from  the  literature  by  Romanoff  (1960). 

During  the  36-hour  period  between  one 
and  one-half  and  three  days  of  incubation 
the  heart  cell  population  increases 
rapidly,  doubling  every  7.8  hours.  This 
represents  the  mean  generation  time  (Gt) , 
assuming  that  every  cell  in  the  population 
is  mitotically  active.  After  about  five 
days  of  development,  the  slope  of  the 
growth  curve  falls  off  markedly.  During 
the  six-day  interval  between  12  and  18 
days  of  incubation,  only  two  doublings 
take  place,  to  yield  a  mean  Gt  of  69  hours. 

Two  alternative  hypotheses  may  be 
used  to  explain  this  growth  pattern:  (1) 
The  entire  population  of  heart  cells  is 
mitotically  active,  despite  the  presence  in 
every  cell  of  organized  myofibrils;  and 


Fig.  42.   A  clone  of  eight  myocytes,  beating  spontaneously  at  the  time  it  was  fixed  (50  fi  scale) 
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(2)  the  major  growth  of  the  heart  is 
produced  by  very  rapid  division  of  a 
nondifferentiated  stem-cell  line,  some  of 
the  progeny  of  which  differentiate  at  each 
generation.  Once  a  cell  has  begun  to  dif- 
ferentiate as  a  myocyte  it  is  prevented 
from  dividing  more  than  a  few  (three  or 
four)  more  times. 

DeHaan  and  Rash  are  now  collaborat- 
ing on  a  mitotic  blocking  experiment  in 
an  attempt  to  disprove  one  of  these  hy- 
potheses, and  to  test  a  stem-cell  model 
which  postulates  that  10  to  15%  of  the 
cells  in  a  stage  10  heart  are  stem  cells  (S) . 
According  to  this  model,  every  S  divides 
into  an  S  and  a  stem-sister  (SS)  cell; 
every  SS  divides  into  an  SS  and  a 
daughter  cell  (D)  that  immediately  be- 
gins to  differentiate  as  a  myocyte. 

Colcemid,  a  mitotic  blocking  agent,  is 
applied  to  embryos  grown  in  vitro  or  in 
ovo  at  appropriate  stages.  The  period  of 
colcemid   treatment   is   longer   than  the 


doubling  time  calculated  from  the  curve 
in  Fig.  41.  The  prediction  from  hypothe- 
sis (1)  is  that  every  cell  will  have  pro- 
gressed through  its  mitotic  cycle  during 
the  colcemid  exposure,  and  therefore 
essentially  every  cell  should  be  found 
blocked  in  metaphase.  According  to  the 
second  hypothesis  and  the  stem-cell 
model,  with  a  period  of  mitotic  block  of 
about  24  hours,  only  10  to  15%  of  the  cells 
will  be  arrested  in  metaphase.  Prelimi- 
nary experimental  results  seem  to  support 
the  second  hypothesis. 

A  second  approach  to  the  problem  of 
mitotic  regulation  in  the  heart  stems 
from  DeHaan's  recent  success  in  devis- 
ing an  enriched  growth  medium  (M1426) 
which  permits  at  least  limited  prolifera- 
tion of  myocytes,  cultured  at  very  low 
densities.  The  group  of  eight  cells  illus- 
trated in  Fig.  42  represents  a  clone  of 
myocytes  derived  from  a  single  identified 
heart  cell.  The  single  progenitor  cell  was 
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Fig.  43.  A  region  of  contact  between  two  adjacent  cells  of  the  clone  in  Fig.  42,  showing  a  punc- 
tate gap  junction  (arrow).   Inset,  the  gap  junction  enlarged. 
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beating  rhythmically,  and  therefore  must 
have  contained  myofibrils,  when  first  ob- 
served. Seven  days  later  every  cell  in  the 
clone  derived  from  it  was  also  beating, 
and  their  myofibrils  were  visible  with  the 
electron  microscope.  The  cells  of  the 
clone  beat  synchronously.  Gap  junctions, 
the  presumed  site  of  electrical  coupling, 
were  also  visible  between  adjacent  cells 
in  electron  micrographs  prepared  by  Rash 
(Fig.  43),  demonstrating  conclusively 
that  these  junctions  formed  as  a  result  of 
cell  contact  in  culture. 

Regulation  of  Pulsation  Rate  in 
Cardiac  Cells 

It  is  well  established  that  a  gradient  of 
pulsation  rate  exists  in  the  tubular  em- 
bryonic heart.  Fragments  of  conus  or 
conoventricular  tissue  taken  from  the 
rostral  end  of  the  heart  beat  slowly,  while 
similar  pieces  of  atrial  or  sinoatrial  tissue 
from  the  caudal  end  of  the  organ  have 
rapid  spontaneous  rhythms.  The  demon- 
stration by  Dunning  and  DeHaan  that 
the  prospective  pulsation  rates  of  ros- 
trally  and  caudally  located  premyocar- 
dial  mesoderm  cells  are  already  deter- 
mined by  stage  7,  merely  confirms  the 
existence  of  the  rate  gradient  and  indi- 
cates that  it  is  programmed  in  premyo- 
cytes  early  in  their  differentiative  history. 

When  the  tubular  heart  forms  at  about 
stage  10,  it  begins  to  beat  with  a  slow 
spontaneous  rhythm  of  30  to  40  beats  per 
minute  (B/M).  As  the  organ  elongates 
by  differentiation  of  progressively  more 


caudal  parts,  its  beat  gradually  increases, 
reaching  a  rate  of  120  to  150  B/M  at 
about  three  days  of  incubation. 

It  is  generally  accepted  that  a  rapidly 
beating  region  of  heart  tissue  acts  as 
pacemaker  for  a  region  with  a  slower 
intrinsic  pulsation  rate.  Thus  the  gradual 
increase  in  heart  rate  with  development 
is  generally  attributed  to  the  progres- 
sively caudal  differentiation  of  the  heart; 
as  more  and  more  posterior  regions  de- 
velop, each  in  turn  is  supposed  to  domi- 
nate the  more  rostral  tissue  as  a  result  of 
its  faster  intrinsic  pulsation  rate. 

In  Year  Book  69,  pp.  597-600,  Hirakow 
and  DeHaan  described  experiments  de- 
signed to  examine  the  junctional  mem- 
brane specializations  formed  when  two 
isolated  beating  heart  cells  came  into 
contact  and  synchronized  their  spontan- 
eous pulsations.  Pairs  of  isolated,  inde- 
pendently beating  myocytes  located  close 
together  were  observed  periodically  until 
their  surfaces  touched  and  their  beats 
synchronized  to  a  common  rhythm,  at 
which  time  the  cells  were  fixed  and  pre- 
pared for  electron  microscopy.  When 
these  experiments  were  initiated,  it  was 
assumed,  on  the  basis  of  the  above  con- 
siderations, that  upon  contact  the  faster 
cell  of  each  pair  would  act  as  pacemaker 
for  the  slower  member,  and  that  the  syn- 
chronous rate  would  approximate  that  of 
the  initially  faster  beating  cell.  The  ob- 
served results  were  not  so  simple. 

Out  of  a  total  of  41  cell  pairs  selected 
for  observation,  contact  and  a  synchro- 
nized rhythm  were  attained  in  26.    The 


TABLE  12.   Pulsation  Rate  of  Heart  Cell  Pairs  Before  and  After 
Synchronization,  in  Beats  per  Minute 


N 


R, 


R, 


R, 


Total  Pairs  Synchronized 

25 

111.5±24.7* 

68.3±33.5* 

88.4±31.4* 

Grouped  Pairs 

Sync.  High 

8 

95.8±17.4 

56.1±35.6 

118.6±11.4 

Sync.  Interm. 

6 

112.8±23.8 

53.2d=25.2 

74 .8±  19.5 

Sync.  Low 

11 

118.6±25.1 

85.5±30.0 

73.9±31.8 

Rf\  Initial  rate  of  the  faster  of  the  two  beating  myocytes. 
Rsi:  Initial  rate  of  the  slower  of  the  two  beating  myocytes. 
R,v:  Final  rate  attained  by  the  synchronized  cell  pair. 
*  Mean  and  standard  deviation. 
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time  between  first  visible  contact  and  rate 
synchronization  ranged  from  4  to  38  min- 
utes (mean,  16.5  minutes).  In  Table  12 
the  mean  initial  spontaneous  rate  of  the 
two  independently  beating  cells  and  that 
of  the  synchronized  pair  are  shown. 

The  results  could  be  grouped  into  three 
distinct  categories  of  behavior.  Eight  of 
the  cell  pairs  synchronized  at  a  rate  equal 
to  or  greater  than  the  initial  rate  of  the 
faster  member  of  the  pair.  Eleven  pairs 
attained  synchrony  at  a  rate  equal  to  or 
lower  than  the  slower  cell.  Six  pairs  syn- 
chronized at  a  rate  intermediate  between 
the  two.  One  additional  pair  which  syn- 
chronized high  was  not  included  in  the 
tabulated  data  because  its  final  synchro- 
nized beat  was  weak  and  spasmodic  and 
at  an  almost  fibrillatory  rate  of  about 
250  B/M  at  the  time  it  was  fixed  for 
electron  microscopy.  Other  cells  which 
were  seen  to  exhibit  such  hyperactivity 
usually  soon  returned  to  a  slower, 
stronger,  more  regular  beat. 

Some  isolated  beating  cells  had  a  regu- 
lar pulsation  rhythm  which  was  main- 
tained for  extended  periods  (up  to  several 
hours)  with  variations  of  less  than  10%. 
Others  appeared  to  have  a  regular  rhythm 
at  any  given  rate  determination  (three 
sequential  counts  of  20  beats  with  a  stop- 
watch) ;  however,  subsequent  determina- 
tions minutes  or  hours  later  on  the  same 
cells  showed  that  their  rates  fluctuated 
substantially  with  time.  Still  other  cells 
beat  with  an  irregular,  sometimes  spas- 
modic, rhythm  in  which  the  interval  be- 
tween contractions  varied  widely  from 
beat  to  beat.  In  these  cases  a  "rate" 
value  taken  as  the  average  of  the  counts 
of  three  sets  of  20  beats  is  at  best  a  crude 
estimate.  Of  the  50  cells  on  which  rate 
determinations  were  made  (i.e.,  the  25 
pairs  represented  in  Table  12),  12  had 
distinctly  irregular  rhythms.  The  slower 
cell  of  five  of  the  11  pairs  which  synchro- 
nized low  had  an  irregular,  nonrhythmic 
initial  rate.  In  each  of  these  five  cases, 
after  the  cells  came  into  contact  it  was 
clearly  the  slower  cell  that  imposed  its 
irregular  rhythm  on  the  faster  member  of 


the  pair  to  achieve  the  synchronized  non- 
rhythmic  rate. 

From  these  results  it  is  clear  that  a  cell 
pair  can  exhibit  a  synchronous  rate  equal 
to  that  of  the  faster  or  slower  member  of 
the  pair,  or  to  some  intermediate  rhythm. 
The  factors  that  regulate  this  entrain- 
ment  phenomenon  must  be  more  complex 
than  expected. 

A  major  problem  in  the  analysis  of  rate 
relations  of  cells  is  the  irregularity  of 
their  rhythm,  noted  above.  If  the  pulsa- 
tion rate  of  a  cell  fluctuates  with  time, 
then  what  is  needed  to  characterize  the 
cell's  rhythmic  behavior  is  not  a  single 
determination  based  upon  a  few  beats 
but  a  continuous  record  of  its  rhythmic 
behavior  over  a  period  of  several  hours, 
before  and  after  synchronization.  To  ac- 
complish this,  Hermann  K.  Wolf,  in  col- 
laboration with  DeHaan,  has  designed 
and  built  a  closed-circuit  video  photo- 
electric system  for  continuously  record- 
ing the  beats  of  isolated  cells  on  magnetic 
tape ;  moreover,  Wolf  has  written  a  com- 
puter program  for  extracting  and  reduc- 


TABLE  13.    Beat  Intervals  of  Cultured  Heart 

Cell  Pairs  Before  and  After  Synchronization, 

in  Milliseconds 


FCell 

SCell 

Sync. 
IBI 

Cells 

IBI 

SD 

IBI 

SD 

SD 

548 

14 

740 

77 

531 

21 

464 

34 

526 

18 

430 

18 

524 

63 

645 

62 

715 

83 

424 

14 

428 

16 

421 

14 

661 

134 

768 

160 

509 

56 

560 

17 

810 

44 

571 

24 

552 

61 

545 

31 

557 

70 

362 

9 

502 

7 

370 

6 

535 

7 

813 

84 

466 

7 

467 

20 

703 

151 

402 

18 

The  mean  interval  between  consecutive  beats 
(IBI)  of  spontaneously  beating  heart  cell  pairs. 
Intervals  for  the  faster  (F)  and  slower  (S)  beat- 
ing cells  were  recorded  continuously  until  the 
two  cells  had  come  into  contact  and  synchro- 
nized their  rates.  The  time  between  the  initial 
recordings  and  that  of  the  synchronized  interval 
(sync.)  varied  for  each  of  the  10  cell  pairs, 
ranging  from  10  to  45  minutes. 
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ing  the  data  collected.  Although  this 
system  has  only  recently  been  completed 
and  the  program  "debugged,"  it  has  al- 
ready enabled  Wolf  and  DeHaan  to  con- 
firm the  previous  observations  that  (1) 
two  independently  beating  pacemaker 
cells  synchronize  to  a  common  rhythm 
within  a  few  minutes  after  they  establish 
contact,  and  (2)  it  is  impossible  to  pre- 
dict the  synchronized  rate  of  a  pair  of 
cells  from  the  independent  rates  prior  to 
contact.  Records  of  the  beats  of  two  cells, 
as  displayed  on  an  oscilloscope,  are  shown 
in  Fig.  44A  prior  to  contact  when  they 
were  beating  independently.  There  is 
clearly  no  correlation  between  the  wave- 
forms in  the  two  traces.  After  synchrony 
(Fig.  44B),  however,  each  contraction  of 
one  cell  is  accompanied  by  a  contraction 


of  the  other,  no  matter  how  irregular  the 
rhythm. 

The  average  interbeat  interval  (IBI) 
between  contractions  is  listed  for  10  cell 
pairs  before  and  after  synchrony  in  Table 
13.  These  values  are  calculated  on  the 
basis  of  randomly  selected  five-second 
segments  from  the  continuous  records. 
Data  are  still  being  obtained  and  proc- 
essed; however,  it  is  apparent  from  the 
sample  shown  in  Table  13  that  the  pre- 
synchronization  IBI  of  either  member  of 
the  cell  pair  is  inadequate  as  a  predictor 
of  the  IBI  after  synchrony  is  attained. 

To  examine  the  area  of  cell  contact, 
Rash  has  cooperated  with  Wolf  and  De- 
Haan in  fixing  synchronized  cell  pairs  in 
buffered  glutaraldehyde  and  osmium 
tetroxide  and  obtaining  serial  ultra-thin 
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Fig.  44.  Contractions  of  isolated,  independently  beating  heart  cells  in  culture,  as  displayed  on  an 
oscilloscope.  Each  trace  represents  the  beats  of  one  cell.  (A)  Before  contact,  cell  I  (top  trace) 
beats  rhythmically  with  an  average  interbeat  interval  (IBI)  of  536.7  msec  (S.D.  =  49  msec).  Cell 
II  (bottom  trace)  beats  very  irregularly  with  an  IBI  which  varies  over  the  four  intervals  shown 
from  315  to  2205  msec  and  has  a  mean  of  1028.7  msec  (S.D.  =  872  msec).  (B)  After  synchrony, 
the  common  rhythm  of  the  cell  pair  exhibits  an  average  IBI  of  588.5  msec  (S.D.  =  247). 
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Fig.  45.  (A)  A  synchronized  cell  pair  whose 
only  point  of  contact  is  via  a  cell  process  0.1  /*  in 
diameter  extending  across  a  5-7  n  gap  between 
the  cells.  (B)  Enlarged  view  of  the  cell  process. 
(C)  The  actual  area  of  membrane  apposition  is 
in  a  region  about  500  A  in  diameter  at  the  tip  of 
the  fingerlike  process.  This  micrograph  was 
taken  with  the  grid  tilted  30°  from  the  hori- 
zontal. 


sections  from  them  for  electron  micros- 
copy. The  principal  result  of  this  ongoing 
study  is  that  only  a  very  limited  area  of 
contact  is  needed  for  synchrony.  The  pair 
of  cells  shown  in  Fig.  45  were  separated 
by  a  space  of  5-7  /x  at  their  nearest  point. 
Under  phase  optics  they  appeared  not  to 
be  in  contact  at  all.  Nonetheless  their 
beats  were  obviously  synchronized.  Ex- 
amination of  approximately  every  third 
section  in  a  series  of  about  150  silver  and 
pale  gold  sections  revealed  a  single,  filo- 


podial,  fingerlike  cell  process  extending 
between  the  two  cells.  This  process  was 
about  0.1  ju  in  diameter  and  traversed  the 
space  between  the  upper  portions  of  the 
cells  5-7  fx  above  the  surface  of  the  cul- 
ture dish.  Only  one  section  (shown  in 
Fig.  45)  was  obtained  that  included  the 
area  of  contact  between  the  tip  of  the 
process  and  the  neighboring  cell.  In  this 
section  the  apposed  membranes  were  sep- 
arated by  a  gap  of  200  A  or  more.  From 
this  observation  alone,  regions  of  closer 
membrane  apposition  such  as  "gap  junc- 
tions" cannot  be  ruled  out.  However,  if 
present,  any  such  junctional  specializa- 
tion must  be  less  than  500  A  in  diameter. 
It  may  be  concluded  that  so  small  an 
area  of  junction  must  be  adequate  for 
rate  synchronization. 

Pulsation  Rate  in  Heart  Cell 
Aggregates 

The  studies  on  cell-pair  synchroniza- 
tion described  above  indicate  that  the 
previous  widely  held  assumption  that  a 
fast  cell  acts  as  pacemaker  for  a  slower 
cell  is  invalid.  Another  approach  to  the 
problem  of  rate  entrainment  by  Howard 
Sachs  and  DeHaan,  using  aggregates  of 
heart  cells,  permits  a  similar  conclusion. 

The  intrinsic  spontaneous  pulsation 
rates  of  individual  isolated  cells  ranges 
for  different  cells  from  about  30  B/M  to 
about  250  B/M,  and  the  distribution  of 
beating  rates  appears  to  follow  a  gaussian 
curve.  There  are  many  fewer  cells  with 
rates  in  the  range  200  to  250  B/M  than  in 
the  range  100  to  150  B/M.  Cells  beating 
faster  than  250  B/M  are  extremely  rare. 
If  a  fast  cell  were  to  dominate  the  rates 
of  all  slower  cells,  then  any  aggregate  of 
cells  should  beat  at  the  rate  of  its  fastest 
member.  Since  cells  with  fast  rates  are 
rare,  the  probability  that  any  group  of 
randomly  aggregated  cells  would  have  a 
very  fast  spontaneous  rate  would  be  low 
for  small  aggregates  composed  of  a  small 
number  of  cells.  That  probability  would 
be  expected  to  increase,  however,  with 
larger  aggregates.   Thus,  if  fast  cells  al- 
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ways  acted  as  pacemakers,  we  would  pre- 
dict that  large  aggregates  of  several  thou- 
sand cells  would  always  tend  to  beat  fast, 
while  small  aggregates  of  10  to  100  cells 
should,  on  the  average,  beat  slowly.  Any 
other  relationship  between  rate  and  ag- 
gregate volume  would  invalidate  the  as- 
sumption. 

Embryonic  chick  hearts  from  eggs  in- 
cubated for  periods  of  from  4  to  14  days 
were  dissociated  by  Sachs,  using  De- 
Haan's  routine  techniques.  The  isolated 
cells  were  incubated  and  aggregated  in 
the  following  manner:  An  inoculum  of 
105  cells  was  added  to  3  ml  of  medium 
818B1  in  a  25  ml  Erlenmeyer  flask,  gassed 
with  a  10%  oxygen,  5%  carbon  dioxide, 
85%  nitrogen  mixture,  and  capped  with  a 
silicone  rubber  stopper.  The  flasks  were 
placed  in  a  gyrotary  shaker  at  37 °C  and 
gyrated  at  70  rpm  for  periods  of  from 


4  to  24  hours  during  which  aggregates  of 
a  wide  range  of  sizes  were  formed.  The 
contents  of  an  individual  flask  were  then 
distributed  to  two  35  mm  Falcon  culture 
dishes  and  allowed  to  settle  for  between 
one  and  five  hours  in  a  37  °C  incubator. 
To  quantitate  the  size  of  an  aggregate 
culture,  plates  were  fixed  for  subsequent 
embedding  in  plastic  for  light  or  electron 
microscopy.  Examination  of  the  em- 
bedded aggregates  en  bloc,  cut  either  in 
the  plane  of  the  culture  dish  or  perpen- 
dicular to  it,  demonstrated  that  the  ag- 
gregates maintained  a  spheroidal  shape 
even  after  several  days  in  stationary  cul- 
ture. Thus  aggregate  volume  could  be 
determined  by  measuring  with  an  ocular 
micrometer  the  diameter,  or  major  and 
minor  axes,  as  viewed  with  the  culture 
dish  on  the  warm  stage  of  an  inverted 
phase  contrast  microscope  (Fig.  46) . 


Fig.  46.  Heart  cell  aggregates  composed  of  cells  from  seven-day-old  embryos,  (a)  An  aggregate 
with  an  estimated  volume  of  5.6  X  104  fi3  containing  about  56  cells,  (b)  A  large  aggregate  (3.6  X 
105  m3)  of  about  360  cells.  Scale  =  100  fi. 
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Fig.  47.  Pulsation  rate  of  heart  cell  aggregates  as  a  function  of  aggregate  volume.    Aggregates 
from  whole  hearts  of  4-day,  7-day,  and  14-day  embryos. 


Rates  were  determined  by  counting  two 
periods  of  20  beats  each  and  averaging 
the  times  obtained.  Dishes  were  con- 
stantly gassed  with  an  oxygen-carbon 
dioxide— nitrogen  mixture  during  exami- 
nation and  rate  determination. 

At  three  incubation  ages  selected  for 
further  study,  4  days,  7  days,  and  14 
days,  the  rate  of  beating  did  not  increase 
but  decreased  as  the  size  of  the  aggregate 
or  cell  number  increased.  Figure  47  shows 
the  data  from  aggregates  of  whole  heart 
origin.    At  the   three   ages   studied,  the 


plots  are  similar.  The  scatter  at  the  small 
volume  end  could  be  interpreted  as  both 
a  consequence  of  uncertainty  in  spheric- 
ity for  the  small  aggregates  (104  cubic 
microns  corresponds  to  about  10  cells) 
and  a  reflection  of  a  decreased  interaction 
between  small  numbers  of  cells.  This  last 
point  is  in  agreement  with  the  finding  of 
instability  in  the  rates  of  single  cells. 

When  atria  and  ventricles  were  dissoci- 
ated separately  in  paired  experiments,  the 
aggregates  of  atrial  origin  beat  faster  for 
a  given  volume  than  the  ventricular  ag- 
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Fig.  48.  Pulsation  rate  of  four-day  aggregates  as  a  function  of  volume,  comparing  aggregates  of 
atrial  cells,  ventricular  cells,  and  whole  hearts. 


gregates.  Figure  48  shows  that  the  data 
points  from  experiments  on  atrial  aggre- 
gates lie  above  those  for  whole  heart 
aggregates,  and  that  these  points  lie 
above  those  for  ventricular  aggregates. 
This  may  be  a  reflection  of  either  a  char- 
acteristic of  the  individual  cells  or  of  the 
interactions  imposed  by  reaggreation. 
Ventricular  aggregates  from  14-day 
hearts  failed  to  beat  spontaneously  at  all. 
Nonetheless,  the  larger  14-day  atrial  ag- 
gregates still  beat  more  slowly  than 
smaller  ones. 

Ultrastructural  studies  are  being  car- 
ried out  in  correlation  with  the  present 
and  projected  electrophysiological  and 
pharmacological  studies  of  reaggregated 
myocardial  cells.  At  present,  our  findings 
are  preliminary,  but  we  have  demon- 
strated that  features  of  developing  car- 
diac muscle  are  present  in  the  aggregates. 
Figures  49A  and  49B  are  electron  micro- 
graphs (taken  by  Sachs)  of  an  aggregate 
derived  from  a  four-day  whole  heart, 
gyrated  for  30  hours  and  cultured  under 
stationary   conditions   for   a   further  44 


hours  before  fixation.  Extensive  well- 
developed  muscle  is  present  with  charac- 
teristic Z  bands,  as  are  several  membrane 
specializations:  typical  desmosomes,  or 
zona  adherens,  and  intercalated  discs.  We 
are  just  beginning  to  look  for  evidence  of 
other  membrane  specializations  such  as 
those  reported  by  DeHaan  and  Hirakow 
(Year  Book  69)  existing  between  syn- 
chronized single  cells  in  contact. 

Also  in  the  preliminary  stages  are  elec- 
trophysiological studies  on  the  aggre- 
gates. It  is  already  clear  that  the  action 
potentials  and  pacemaker  potentials  of 
aggregate  cells  are  similar  to  those  dem- 
onstrated in  monolayer  tissue  cultured 
cells  by  DeHaan  and  Gottlieb  some  years 
ago.  We  hope  that  this  preparation  will 
allow  some  insight  into  both  pacemaker 
expression  and  the  development  of  the 
functional  "syncytium"  characteristic  of 
the  developed  heart  as  demonstrated  by 
the  synchronized  beating  of  intercon- 
nected cells,  presumably  via  low-resis- 
tance electrical  contacts. 
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Fig.  49.  Electron  micrographs  of  heart  cell  aggregates  from  four-day  whole  hearts  maintained  in 
a  gyratory  flask  for  30  hours  after  dissociation  and  cultured  in  a  stationary  dish  for  44  hours  before 
fixation  in  cold  glutaraldehyde  followed  by  osmium  tetroxide.  Aggregates  were  embedded  in  a 
70:20:10  mixture  of  DDSA:araldite:epon.  (a)  An  area  of  cell  contact  to  show  a  typical  desmo- 
some.    (b)  Well-differentiated  muscle. 
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Intercellular  Ionic  Content  of 
Heart  Cells 

The  past  decade  has  seen  an  increased 
use  of  chick  embryonic  heart  prepara- 
tions both  to  study  cardiac  development 
and  to  investigate  physiological  processes 
common  to  all  cardiac  muscle.  One  such 
process  which  has  received  considerable 
attention  is  the  electrical  behavior  of  the 
cell  membrane. 

The  electrophysiology  of  three  chick 
embryonic  cardiac  preparations  is  cur- 
rently being  studied  by  members  of  the 
group.  They  include  whole  heart  and 
ventricular  strips,  tissue  culture  heart 
cells,  and  aggregates  of  heart  cells.  The 
membrane  potential  of  embryonic  heart 
tissue  is  thought  to  depend  primarily  on 
the  potassium  distribution  across  the  cell 
membrane.  However,  there  is  little  relia- 
ble data  on  the  ionic  content  of  embryonic 
tissues.  Ion  measurements  have  been 
made  on  chick  embryo  hearts  by  Klein 
(1960)  and  by  Harsch  and  Green  (1963). 
Klein  reported  that  intracellular  sodium 
(Na4)  decreased  from  650  ml  in  2-day 
hearts  to  about  50  ml  in  19-day  hearts. 
At  the  same  time  intracellular  potassium 
(Kt)  increased  from  67  ml  in  2-day 
hearts  to  85  mM  in  19-day  hearts.  Harsch 
and  Green,  on  the  other  hand,  reported 
that  Na*  increased  from  about  20  mM  to 


40  mM  during  days  6  to  18,  whereas  K* 
decreased  from  160  mM  to  90  mM  during 
the  same  period.  The  ionic  content  of 
adult  guinea  pig  heart  tissue  has  been  in- 
vestigated recently  by  McDonald  and 
McLeod  of  Dalhousie  University.  This 
year  McDonald  has  joined  our  group  to 
begin  an  analysis  of  the  ion  levels  in 
embryonic  heart  preparations. 

Ion  levels  in  cultured  heart  cells  have 
not  been  reported  in  the  literature.  Tech- 
nical difficulties  are  probably  responsible 
for  this  void.  Nonetheless,  with  the  in- 
creasing use  of  this  preparation  and  its 
potential  as  a  physiological  myocardial 
preparation  by  DeHaan  and  others,  it  is 
essential  that  intracellular  ion  levels  be 
determined.  Since  these  heart  cells  un- 
dergo extensive  trypsinization,  undergo 
centrifugation,  and  are  maintained  in  an 
artificial  environment  for  at  least  24 
hours  before  study,  there  remains  the 
question  of  the  physiological  state  of 
these  cells.  A  comparison  of  the  ionic 
content  of  intact  heart  preparations  with 
that  of  tissue  cultures  from  similar  hearts 
should  help  answer  this  question.  Tech- 
niques developed  for  the  ionic  analysis  of 
BHK  cells  grown  in  culture  by  Mc- 
Donald, Sachs,  Orr,  and  Ebert  are  now 
being  adopted  for  the  determination  of 
Na,-  and  K;  in  cultured  heart  cells. 


THE  CARNEGIE  MONKEY  COLONY  AND  THE 
PLACENTAL  CIRCULATION  OF  PRIMATES 

Elizabeth  M.  Ramsey 


With  the  termination  of  work  on  mam- 
malian reproduction  in  the  Department 
and  the  departure  of  the  monkey  colony 
to  a  new  home  at  Rush  Medical  College  in 
Chicago,  it  becomes  appropriate  to  cast  a 
backward  glance  upon  the  long-term 
study  of  placental  circulation  which  has 
been  based  upon  the  monkeys.  From  year 
to  year,  progress  reports  dealing  with 
specific  aspects  of  the  work  have  appeared 
in  successive  Year  Books,  but  after  so 
many  close-ups  of  the  trees  it  is  good  to 
take  a  more  distant  view  of  the  forest 


itself  and  to  summarize  what  we  feel  we 
have  learned  over  the  years  about  placen- 
tal circulation  as  a  whole,  a  story  which 
has  been  put  together  by  the  minds  and 
hands  of  many  workers. 

It  has  often  been  pointed  out  that  the 
uterus  commences  its  preparations  for 
pregnancy  long  before  the  ovum  is  fertil- 
ized. In  similar  fashion  the  Carnegie  In- 
stitution's study  of  placental  circulation 
was  begun  before  the  first  monkey  in  the 
experimental  series  became  pregnant.  It 
was  Markee's  study  of  menstruation  in 
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intraocular  endometrial  transplants  in 
the  monkey,  carried  out  in  the  Depart- 
ment during  the  1930's,  which  prompted 
the  key  question,  namely:  If  the  endo- 
metrial spiral  arteries  undergo  such  dra- 
matic changes  during  the  menstrual  cycle, 
how  do  they,  sensitive  and  labile  as  they 
are,  respond  to  the  mechanical  and  hor- 
monal stimuli  of  an  implanting  and  de- 
veloping conceptus? 

Reviewing  Markee's  pioneering  work, 
one  is  reminded  of  how  much  those  early 
monkeys  revealed,  especially  as  regards 
the  changes  in  the  endometrial  spiral 
arteries,  occasioned  by  the  action  of 
ovarian  hormones.  Bartelmez's  India  ink 
injections  carried  out  at  about  the  same 
time  give  an  actual  feeling  of  the  dynamic 
activity  of  these  vessels.  As  soon  as  they 
recover  from  the  slough  at  the  end  of  one 
menstrual  cycle  the  arteries  produce  cap- 
illary arcades  reaching  all  the  way  up  to 
the  epithelial  surface  at  the  uterine  lumen. 
This  vascular  growth  is  stimulated  by 
estrogen  from  the  developing  ovarian  fol- 
licle. After  ovulation  the  hormone  of  the 
corpus  luteum  continues  the  process, 
causing  fully  formed  arterial  trunks  to 
reach  far  up  through  the  endometrium. 
This  exuberant  growth  produces  extensive 
coiling  of  the  arteries  and  the  develop- 
ment of  a  well-formed  subepithelial 
plexus  of  capillaries.  It  is  upon  the  endo- 
metrium at  this  stage  that  the  fertilized 
ovum  implants.  The  first  maternal  ves- 
sels encountered  by  the  invading  tropho- 
blast  of  the  wall  of  the  egg  are  thus  the 
capillaries.  With  deeper  penetration  the 
trophoblast  opens  up  arterioles  and 
venules  and  at  last  the  tips  of  spiral 
arteries. 

Turning  for  a  moment  to  consideration 
of  the  preparations  for  placentation  which 
the  ovum  itself  makes,  we  come  to  the 
classic  studies  of  Streeter,  Wislocki,  and 
Heuser  who  developed  the  famous  "mon- 
key yardstick"  by  which  the  Hertig-Rock 
human  embryos,  when  they  came  along, 
were  measured  for  developmental  age. 
An  amazingly  lucky  find  caught  a  10-day 
monkey  ovum  at  its  moment  of  attach- 


ment to  the  endometrial  surface.  The 
first  trophoblastic  cell  is  slipping  between 
two  maternal  epithelial  cells.  No  com- 
parable stage  has  yet  been  found  in  man. 
It  is  important  to  note  that  this  first 
penetration  is  made  in  the  immediate 
vicinity  of  a  subepithelial  capillary.  The 
association  is  not  mere  chance,  as  was 
established  by  the  work  of  Bent  Boving 
in  the  Department,  reported  in  numerous 
previous  Year  Books.  As  the  trophoblast 
penetrates  further  this  association  per- 
sists. At  11  days  the  trophoblastic  plate 
is  still  solid,  but  a  day  or  so  later  fluid- 
filled  lacunae  begin  to  appear  in  it,  some 
of  them  containing  maternal  blood  cells, 
indicating  that  maternal  capillaries  have 
now  been  "tapped."  Streeter,  Wislocki, 
Heuser,  and  their  contemporaries  re- 
garded the  trophoblastic  lacunae  as  aris- 
ing from  intercellular  accumulations  of 
fluid.  The  work  of  John  Harris  of  Lon- 
don, studying  placental  vasculature  in 
man  in  the  Department,  has  added  an- 
other source  of  trophoblastic  blood  spaces. 
Not  infrequently  Harris  has  observed 
more  or  less  intact  endothelial  linings 
within  the  lacunar  blood  spaces,  indicat- 
ing that  trophoblast  may  sometimes  sur- 
round and  engulf  maternal  capillaries 
without  destroying  their  walls.  In  any 
case,  the  lacunae  gradually  merge  into  a 
communicating  system.  The  solid  tropho- 
blastic bands  between  them  develop 
mesoblastic  cores  and  the  familiar  struc- 
ture of  chorionic  villi  emerges.  There- 
after, the  lacunae  may  be  called  inter- 
villous spaces  and  the  aggregate  of  them 
the  intervillous  space.  When  the  tropho- 
blast has  progressed  to  the  point  of  open- 
ing up  actual  arterial  stems,  maternal 
blood  under  pressure  enters  the  inter- 
villous space  and  a  true  placental  circu- 
lation is  established. 

It  was  against  the  background  of  this 
body  of  information,  at  that  time  growing 
before  our  excited  eyes,  that  the  key 
question  noted  at  the  outset  was  asked. 
It  was  Carl  Hartman  who  suggested  that 
I  look  into  the  matter  and  who  himself 
injected  the  first  few  specimens  of  the 
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study.  Later  other  specimens  were  pre- 
pared by  George  Corner,  then  Director, 
who  combines  surgical  skill  with  his  bet- 
ter known  talents  as  endocrinologist, 
anatomist,  medical  historian,  and  admin- 
istrator. Serial  sections  were  made 
through  the  in  situ  placentas  of  these  in- 
jected uteri,  and  three-dimensional 
models  were  constructed  showing  repre- 
sentative uteroplacental  vessels  at  various 
stages  of  pregnancy.  The  models  were 
masterfully  and  beautifully  illustrated 
by  James  F.  Didusch  for  publication  in 
the  Carnegie  Institution's  Contributions 
to  Embryology. 

A  chief  finding  of  this  anatomical  phase 
of  the  study  was  that  the  coiling  of  the 
arteries,  already  occurring  in  the  non- 
pregnant cycle,  increases  up  to  the  time 
when  enlargement  of  the  uterus  by 
growth  of  its  parts  is  replaced  by  simple 
stretching.  Thereafter,  the  loops  and 
coils  of  the  arteries  are  progressively  paid 
out. 

The  changes  in  uterine  veins  are  not  at 
all  dramatic.  They  are  essentially  pas- 
sive and  the  result  of  external  pressure 
which  constricts  the  veins  and  obliterates 
many  of  them.  The  remaining  channels 
become  greatly  distended  as  pregnancy 
advances,  since  they  are  required  to  han- 
dle an  ever-increasing  volume  of  blood 
from  the  intervillous  space.  It  is  note- 
worthy that  the  remaining  veins  com- 
municate with  the  intervillous  space 
through  orifices  scattered  all  over  the 
base  of  the  placenta,  not  limited  to  the 
marginal  area. 

When  the  vessels  from  the  monkey 
studies  are  compared  with  those  studied 
by  Harris  in  human  specimens,  prepared 
in  basically  the  same  way,  the  human  and 
monkey  vascular  anatomy  are  found  to 
be  similar  to  each  other  in  all  essential 
respects. 

The  demonstration  of  widespread  com- 
munication of  both  veins  and  arteries 
with  the  intervillous  space  refuted  Span- 
ner's theory  of  overflow  filling  and  exclu- 
sively marginal  drainage  and  presented 
the   following  dilemma:   Why   does  not 


entering  blood  short-cut  at  once  to  the 
nearest  adjacent  venous  exit  without  cir- 
culating throughout  the  intervillous 
space?  Obviously  this  does  not  happen 
or  adequate  maternal-fetal  exchange 
would  be  impossible,  but  why?  What 
prevents  the  short-cutting? 

A  clue  to  the  solution  of  this  enigma 
was  found  during  study  of  the  injected 
specimen.  It  was  seen,  both  in  monkey 
and  in  man  and  at  all  stages  of  preg- 
nancy, that  blood  entering  the  intervillous 
space  from  the  ends  of  the  spiral  arteries 
is  driven  toward  the  chorionic  plate  in 
fountainlike  spurts.  This  is  occasioned 
by  the  differential  between  maternal 
blood  pressure  in  the  arteries  and  the 
pressure  in  the  intervillous  space.  As  a 
result  of  this  vis  a  tergo,  there  is  little 
lateral  diffusion  of  blood  until  pressure 
and  momentum  fall.  By  this  mechanism 
short-cutting  is  avoided  and  circulation 
effected  without  the  need  for  the  theoret- 
ical morphological  devices  proposed  by 
earlier  placentologists.  Mrs.  Ranice 
Crosby's  beautiful  drawing  illustrating 
this  physiological  concept  of  placental 
circulation  will  be  remembered  by  readers 
of  Year  Book  61  and  by  visitors  to  re- 
cent exhibits  of  the  Department  at  An- 
nual Meetings  in  Washington. 

As  in  all  vigorous  research,  a  host  of 
new  questions  appeared  each  time  an  old 
question  was  answered.  At  this  point, 
the  answer  to  Carl  Hartman's  original 
query  seemed  to  be  in  hand  and  we  had  a 
working  hypothesis  to  explain  the  mecha- 
nism of  circulation  in  the  intervillous 
space.  The  next  problem  to  be  tackled 
was  that  of  the  effect  upon  placental  cir- 
culation of  the  uterine  contractions  which 
are  a  constant  feature  of  uterine  physiol- 
ogy in  both  pregnant  and  nonpregnant 
states.  This  meant  going  back  to  funda- 
mental considerations.  Investigators  else- 
where were  just  in  the  process  of  working 
out  myometrial  activity  patterns  in  the 
human,  but  nothing  was  known  about  the 
monkey.  In  collaboration  with  George 
Corner,  Jr.,  an  extensive  study  of  condi- 
tions in  rhesus  was  carried  out  and  it  was 
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found  that  monkey  uteri  act  very  much  H.  R.  Misenhimer,  among  obstetricians; 

like  human  uteri.    The  minor  variations  John  Bonica  of  Seattle,  anesthesiologist; 

observed  apparently  stem  from  the  mon-  and  Maurice  Panigel  of  Paris,  anatomist, 

key  uterus's  relatively  thin  muscular  wall  Employing  the  highly  sophisticated  tech- 

and  the   small   amount  of  progesterone  niques  of  still-  and  cineradiography  which 

secreted  by  the  monkey  placenta  in  early  are  available  in  the  Johns  Hopkins  Radi- 

pregnancy.   An  additional  factor  may  be  ology  Research  Laboratory,  we  have  been 

the    usual    occurrence    of    a    bidiscoid  able  to  demonstrate  the  pathways  of  in- 

placenta  in  the  monkey.   Other  than  this  flow  of  maternal  blood  to  the  intervillous 

early  discrepancy,  the  fundamental  fea-  space  and  of  drainage  of  blood  back  into 

ture  in  both  species  is  progression  toward  the  maternal  systemic   circulation.    We 

greater  amplitude,  frequency,  and  coordi-  have  shown  that  myometrial  contractions 

nation  of  contractions  until  the  effective  curtail  or  halt  both  arterial  inflow  and 

labor  pattern  is  achieved.  venous  drainage ;   and  we  have  demon- 

In  all  our  work  to  this  point  we  had  strated   the    basic   relationship    between 

been   harassed  by  recognition  that   our  maternal  and  fetal  circulations, 

experimental  approach  produced  a  highly  All  of  the  data  obtained  have  confirmed 

artificial  and  essentially  static  condition  the  physiological  concept  of  circulation 

from  which  we  were  attempting  to  gen-  within  the  placenta  which  was  originally 

eralize  about  dynamic  physiological  proc-  advanced  as  an  hypothesis  on  the  basis  of 

esses.  Yet  we  felt  that  we  were  asking  for  anatomical    findings.     Furthermore,   the 

the  impossible  when  we  yearned  actually  radiologic  studies,  like  the  anatomic  and 

to  see  the  blood  circulating  in  the  utero-  physiologic  ones,  have  demonstrated  close 

placental    vessels    and    the    intervillous  similarity  between  monkey  and  human 

space  in  a  living,  intact  animal.    Mean-  placental  circulations  and  have  provided 

while,  at  a  medical  meeting  in  Sweden  in  additional  verification  of  the  monkey's 

1958,  Irwin  Kaiser   (a  former  Carnegie  adequacy  as  an  experimental  model  for 

Fellow)   saw  some  of  Borrel  and  Fern-  studies  of  primate  reproductive  anatomy 

strom's  radioangiograms  of  pregnant  hu-  and  physiology. 

man  uteri,  recognized  in  them  the  radiog-  Most  gratifyingly,  certain  information 

raphic  parallels  to  our  "spurts,"  and  in  of  practical  clinical  value  has  emerged 

haste  wrote  me  that  by  this  technique  we  from  these  studies,  along  with  the  matters 

could  at  last  "see"  at  least  what  happens,  of  academic  interest.  As  mentioned  above, 

At  our  end,  we  took  the  next  mental  step  the  radiograms  showed  that  placental  cir- 

and  realized  that  by  employing  cineradi-  culation  is  sharply  curtailed  or  entirely 

ography  in  an  experimental  animal  we  halted  during  uterine  contractions.    The 

could  see  not  only  what  happens  but  how  implication  for  the  fetus  of  such  periods 

it  happens.  when  the  supply  of  oxygen  and  other  nu- 

Upon  the  basis  of  this  challenging  idea  trients  is  cut  off  and  the  elimination  of 

there  was  set  up  in  1959  an  association  metabolites  is  suspended  is  immediately 

between  Carnegie  and  the  Department  of  apparent.     In    pathologic    labors    when 

Radiology  of  the  Johns  Hopkins  Hospital  uterine    contractions    are    unduly    pro- 

which   has  been   and   still   is  a   fruitful  longed,  the  jeopardy  to  the  fetus  may  be 

realization  of  the  best  ideals  of  interdis-  critical. 

ciplinary  cooperation.  Martin  Donner  In  contrast  to  this,  and  somewhat  miti- 
and  his  associate,  Stanley  Margulies,  and  gating  the  implied  threat,  is  the  second 
our  Carnegie  team  have  been  joined  at  fact  which  was  demonstrated  by  radio- 
one  time  or  another  in  the  past  12  years  angiography,  namely,  that  the  uterus  is 
by  a  number  of  staff  Fellows  and  Guest  not  "squeezed  like  a  sponge"  during  con- 
Investigators:  Irwin  Kaiser,  the  late  tractions  as  used  to  be  thought.  Rather 
Harry  McGaughey,  Jr.,  C.  B.  Martin,  Jr.,  blood   is  impounded  in  the  intervillous 
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space,  thus  providing  for  continued,  if 
reduced,  maternal-fetal  exchange.  "Were 
this  not  so,"  in  the  words  of  Irwin  Kaiser, 
"each  effective  contraction  could  present 
a  period  of  asphyxia  for  the  fetus  and 
normal  labor  might  entail  intolerable 
stress." 

The  Carnegie  Monkey  Colony  has  now 
moved  to  Chicago  and  become  the  Rush 
Monkey  Colony  in  the  capable  and  ex- 


perienced hands  of  H.  R.  Misenhimer, 
formerly  of  the  Department  of  Embryol- 
ogy. Without  a  single  abortion  or  missed 
menstrual  period  during  the  exciting 
move,  the  monkeys  are  continuing  their 
useful  service.  The  experimental  pro- 
gram is  going  ahead  without  interruption 
upon  the  firm  foundation  laid  during  40 
or  more  years  by  a  score  of  Carnegie 
investigators. 


THE     COLLECTION     OF     HUMAN    EMBRYOS 

E.  M.  Ramsey  and  R.  O'Rahilly 


The  Collection  was  enlarged  by  the 
accession  of  46  specimens  out  of  the  65 
submitted  by  12  physicians.  Twenty  of 
the  specimens  were  from  Maryland  and 
45  were  from  out  of  state.  Of  particular 
interest  is  an  instance  of  epignathus,  ap- 
proximately 24  postovulatory  weeks  in 
age;  radiography,  however,  revealed  no 
evidence  of  formed  skeletal  components. 

Developmental  Stages  in 
Human  Embryos 

The  detailed  survey  of  the  Collection 
begun  last  year  by  Ronan  O'Rahilly  is 
being  continued.  The  immediate  objec- 
tive is  to  prepare  an  account  of  stages  1 
to  9,  that  is,  embryos  of  the  first  three 
weeks.  By  stage  9,  the  embryo  possesses 
from  one  to  three  pairs  of  somites,  the 
embryonic  disc  is  approximately  2  mm  in 
length,  and  the  estimated  age  is  20  post- 
ovulatory days.  The  Carnegie  Collection 
includes  100  sectioned  specimens  of  the 
first  nine  stages,  some  of  which,  however, 
are  clearly  abnormal.  The  account  of  the 
first  five  stages  is  nearing  completion  and 
the  study  of  stages  6  to  9  is  under  way. 
Subsequently,  stages  10  to  23  will  be  re- 
vised and  the  entire  series  published  as  a 
monograph. 

A  study  of  the  early  embryo  led  na- 
turally to  the  question  of  the  first  mani- 
festation of  the  axes  of  the  body.  The 
dorsoventral  axis  is  first  definable  at  stage 
3  (four  days),  on  the  appearance  of  a 
segmentation  cavity  in  the  morula.    At- 


tempts have  been  made  to  define  the 
rostrocaudal  axis  at  stages  5c  (11-12 
days)  and  6  (13  days)  from  the  shape  of 
the  embryonic  disc  (narrower  end 
caudal),  but  unequivocal  demonstration 
awaits  the  initial  appearance  of  the  prim- 
itive streak  during  stage  6.  During  stages 
6  to  8,  the  various  median  features  ap- 
pear. These  are,  from  caudal  to  rostral: 
allantoic  diverticulum,  cloacal  membrane, 
primitive  streak,  primitive  node,  noto- 
chordal  process  and  chordal  canal,  and 
prechordal  plate.  At  stage  8  (18  days), 
an  early  neural  groove  may  also  be  visi- 
ble. The  bilateral  symmetry  of  the  em- 
bryo is  interrupted  in  the  heart  during 
stage  10  (22  days) ,  or  perhaps,  already  at 
stage  9  (20  days). 

During  the  year,  Ramsey  and  O'Rah- 
illy were  greatly  aided  by  Mrs.  Ranice 
W.  Crosby,  Director,  Department  of  Art 
as  Applied  to  Medicine  at  the  Johns 
Hopkins  Medical  School,  and  her  assist- 
ant, Mrs.  Streb,  in  arranging  and  classi- 
fying the  extensive  collection  of  drawings, 
both  published  and  unpublished,  by  the 
late  James  F.  Didusch,  who  commenced 
this  work  in  1913.  During  the  sorting, 
several  illustrations  by  his  predecessor, 
Mr.  Max  Brodel,  were  discovered  and  are 
being  added  to  the  Brodel  collection  at 
the  Medical  School. 

Development  of  the  Nervous  System 

Investigations  of  the  development  of 
the  human  nervous  system  have  been  be- 


DEPARTMENT     OF     EMBRYOLOGY 


89 


gun  by  O'Rahilly  in  collaboration  with 
Ernest  Gardner,  Wayne  State  University 
and  the  University  of  California  at  Davis. 
Gardner  visited  the  Department  several 
times  during  the  year.  As  in  the  case  of 
the  heart,  it  became  evident  that  no  com- 
prehensive account  of  the  early  develop- 
ment of  the  human  nervous  system  based 
on  staged  embryos  was  available,  other 
than  the  very  valuable  study  of  the  brain 
undertaken  some  years  ago  by  Bartelmez 
and  Dekaban.  Such  an  account  has  now 
been  prepared  and  is  awaiting  publica- 
tion. It  ranges  from  stage  7  (16  days), 
when  the  general  area  of  the  neural  plate 
can  be  visualized,  to  stage  23  (eight 
weeks),  when  the  nervous  system  is  well 
developed.  The  work  is  being  presented 
as  a  documented  scheme  based  on  (1) 
reports  of  workers  who  personally  studied 
staged  embryos  and  (2)  personal  obser- 
vations and  confirmations.  The  necessity 
of  staged  embryos  in  determining  the 
precise  sequence  of  developmental  events 
is  stressed.  At  the  present  time  a  detailed 
investigation  of  the  human  brain  at  the 
end  of  the  embryonic  period  proper  (stage 
23)  is  under  way. 


Growth  of  the  Eye  in  utero 

This  phase  is  being  undertaken  by 
O'Rahilly  in  association  with  Jean  Bossy, 
Faculte  de  Medecine  de  Montpellier  et  de 
Nimes.  Ocular  measurements  have  been 
made  macroscopically  in  4  embryos,  65 
fetuses,  and  an  infant,  and  microscopic- 
ally in  40  embryos  (four  specimens  at 
each  stage  from  14  to  23)  and  12  fetuses. 
The  figures  obtained  for  the  various  di- 
ameters, the  weight,  and  the  actual  and 
calculated  volume  have  permitted  the 
construction  of  growth  curves  as  a  func- 
tion of  age  and  of  C.-R.  length.  Signifi- 
cant individual  variations  have  been 
found,  particularly  during  the  perinatal 
period. 

Development  of  the  Larynx 

Work  is  continuing  on  the  development 
of  the  larynx  in  staged  human  embryos, 
and  a  number  of  graphic  reconstructions 
are  being  prepared.  This  study  by  O'Rah- 
illy is  in  collaboration  with  John  A. 
Tucker,  University  of  Pennsylvania. 


STAFF    ACTIVITIES 


Among  the  conferences  and  symposia 
in  which  various  members  of  the  staff  par- 
ticipated during  the  past  year  were  the 
following: 

International  Congress  of  Electron 
Microscopy  (Grenoble)  ;  International 
Symposium  on  Oogenesis  (Baltimore) ; 
Neurosciences  Research  Program  Work 
Session  on  Genesis  of  Neuronal  Patterns 
(Brookline,  Massachusetts)  ;  and  several 
Gordon  Conferences,  including  those  on 
the  heart  and  on  nucleic  acids. 

Lectures  were  presented  on  a  number 
of  campuses  including  College  of  Notre 
Dame  (Baltimore) ,  Morgan  State  Col- 
lege, New  York  University,  Oregon  State 
University,  Trinity  College  (Dublin), 
Tulane  University,  the  Universities  of 
Oregon  and  Pennsylvania,  Washington 
University  (St.  Louis),  and  Yale  Univer- 
sity. 


Special  presentations  included  two  by 
Elizabeth  M.  Ramsey:  the  Bartholomew 
Mosse  Memorial  Lecture  at  The  Rotunda 
Hospital,  the  world's  oldest  maternity 
hospital,  and  an  invited  lecture  before  the 
Society  for  Gynecologic  Research. 

Members  of  the  staff  also  spoke  at  a 
number  of  hospitals  and  research  centers, 
including  Jacobi  Hospital  of  the  Albert 
Einstein  College  of  Medicine  (New 
York),  Marine  Biological  Laboratory 
(Woods  Hole,  Massachusetts),  Presby- 
terian-St.  Luke's  Hospital  (Chicago), 
Union  Memorial  Hospital  (Baltimore) , 
and  the  Woods  Hole  Oceanographic  In- 
stitution. 

Members  of  the  group  took  part  in 
meetings  of  a  number  of  learned  societies, 
including,  in  addition  to  those  already 
mentioned,  the  American  Association  of 
Anatomists,  American  Association  for  the 
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Advancement  of  Science,  American  Col- 
lege of  Obstetricians  and  Gynecologists, 
American  Society  of  Biological  Chemists, 
American  Society  for  Cell  Biology,  Amer- 
ican Society  of  Zoologists  (Presidential 
Address),  Federation  of  American  Socie- 
ties for  Experimental  Biology,  National 
Academy  of  Sciences,  Perinatal  Research 
Society,  Society  for  Gynecologic  Investi- 
gation, Society  for  Neuroscience  and  Tis- 
sue Culture  Association. 

Advisory  and  consultative  services  in- 
cluded membership  on  the  editorial 
boards  of  Anales  del  Desarrollo,  Develop- 
mental Biology,  In  Vitro,  Journal  of  Ceil 
Biology,  Journal  of  Embryology  and  Ex- 
perimental Morphology ,Excerpta  Medica 
(section  on  Human  Developmental  Biol- 
ogy) ,  Current  Topics  in  Developmental 
Biology,  and  Quarterly  Review  of  Biol- 
ogy. 

Members  of  the  staff  also  acted  in  these 
capacities:  Member  of  the  Board  of  Sci- 
entific Overseers,  Jackson  Laboratory; 
Trustee  and  Director,  Marine  Biological 
Laboratory;  Member  of  the  Board  of  Sci- 
entific Counselors,  National  Cancer  In- 
stitute; Member  of  the  Board  of  Direc- 
tors, Oak  Ridge  Associated  Universities; 
Vice  President,  Maryland  Academy  of 
Sciences;  and  Member  of  the  Executive 
Committee  for  the  Fourth  International 
Conference  on  Congenital  Malformations. 

Other  posts  occupied  by  members  of 
the  Department  include  the  following:  in 
the  American  Association  for  the  Ad- 
vancement of  Science,  Committee  on  Sci- 
ence in  the  Promotion  of  Human  Welfare 
and  N^wcomb  Cleveland  Prize  Commit- 
tee (Chairman)  ;  in  the  American  Associ- 
ation of  Anatomists,  Representative  to 
Division  of  Medical  Sciences  of  the  Na- 
tional Research  Council  and  Representa- 
tive to  the  National  Society  for  Medical 
Research;  in  the  American  Institute  of 


Biological  Sciences,  Chairman  of  the 
Committee  on  Laboratory  Animal  Care, 
member,  Public  Responsibilities  Com- 
mittee and  Council  of  Past  Presidents ;  in 
the  American  Society  of  Zoologists,  Presi- 
dent; in  the  National  Institutes  of 
Health,  member,  Cell  Biology  Study  Sec- 
tion; and  in  the  Society  for  Develop- 
mental Biology,  Member  of  Executive 
Committee. 

Formal  teaching  has  been  largely  con- 
fined to  the  Johns  Hopkins  Department 
of  Biology,  but  during  the  year  lectures 
were  offered  in  other  departments  of  the 
University  as  well,  among  them  Anatomy, 
Biophysics,  Engineering,  Laryngology 
and  Otology,  Obstetrics  and  Gynecology, 
and  Pediatrics. 

Seminars.  The  roster  of  speakers  at  the 
seminars  organized  by  the  Department  to 
serve  all  those  working  in  developmental 
biology  in  the  region  included  E.  C. 
Amoroso  (Institute  of  Animal  Physiol- 
ogy, Cambridge,  England) ,  Roy  Britten 
(Department  of  Terrestrial  Magnetism) 
Ronald  Brown  (University  of  Chicago) 
Stanley  Grain  (Rose  F.  Kennedy  Center) 
Dale  Graham  (Oak  Ridge  National  Lab- 
oratory) ;  Howard  Green  (Massachusetts 
Institute  of  Technology) ;  Irwin  R.  Konigs- 
berg  (University  of  Virginia) ;  Jerry  Lin- 
grel  (University  of  Cincinnati) ;  Reiji  Oka- 
zaki  (Nagoya  University)  ;  J.  Piatigorsky 
(National  Institutes  of  Health) ;  C.  A. 
Poodry  (University  of  California,  Irvine) ; 
Philip  Siekevitz  (Rockefeller  Univer- 
sity) ;  K.  Tartof  (Institute  for  Cancer 
Research) ;  George  Todaro  (National 
Cancer  Institute)  ;  Jun-ichi  Tomizawa 
(Osaka  University)  ;  M.  J.  Waxdal 
(Rockefeller  University) ;  B.  Witholt 
(University  of  California,  San  Diego) ; 
and  D.  J.  Woodward  (University  of 
Rochester) . 
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INTRODUCTION 


The  Geophysical  Laboratory  is  an 
establishment  of  modest  size  with  a  group 
of  investigators  who  usually  number 
about  twenty-five.  But  through  sustained 
efforts  over  a  sixty-year  period  the  Lab- 
oratory has  attained  world-wide  recog- 
nition as  a  center  for  the  study  of  chem- 
ical processes  in  the  earth.  Success  of  the 
enterprise  can  be  attributed  to  the  steady 
implementation  of  a  few  broad  policies. 
We  have  selected  our  share  of  talented 
scholars,  have  given  them  freedom  to 
choose  their  own  research  problems,  and 
have  provided  adequate  backing  in  equip- 
ment. Rather  than  depend  on  the  effort 
of  large  teams,  we  have  emphasized  in- 
dividual creative  effort.  Although  we 
consider  research  productivity  to  be  im- 
portant, we  have  emphasized  the  value  of 
intellectual  growth  of  staff  and  fellows. 
In  consequence,  the  Laboratory  has  pro- 
vided an  excellent  environment  for  the 
training  of  graduate  students  and  post- 
doctoral fellows. 

Financial  support  for  the  Laboratory 
has  been  steady.  Dollar  level  has  in- 
creased to  meet  inflationary  changes,  but 
there  have  been  no  violent  alternations 
of  easy  money  followed  by  paucity  of 
research  funds.  In  consequence,  the  staff 
have  not  hesitated  to  engage  in  long-term 
efforts  to  solve  important  but  difficult 
problems.  At  the  same  time  they  have 
moved  quickly  to  exploit  new  research 
opportunities. 

Sometimes  the  staff  create  new  oppor- 
tunities by  novel  apparatus  design  or  the 
development  of  new  techniques.  This 
year  Krogh  has  developed  an  improved 
method  for  dating  zircons  that  very  sub- 
stantially reduces  adventitious  contami- 
nation from  lead  in  reagents.  He  is  now 
able  to  date  a  1-mg  sample  of  zircon,  and 
he  reports  an  analytical  uncertainty  of 
only  1  m.y.  in  dating  rocks  that  are  2700 
m.y.  old.    The  new  precision  will  make 


possible  detailed  investigation  of  tectonic 
events  of  the  early  Precambrian. 

Chayes  has  been  devoting  considerable 
effort  to  the  development  of  an  electronic 
library  of  rock  analyses  and  a  supporting 
system  able  to  retrieve  raw  data  from  the 
library  but  intended  primarily  to  provide 
data  reductions  rather  than  retrievals. 
There  is  no  question  that  such  a  library 
and  supporting  system  are  technolog- 
ically feasible,  and  his  recent  publications 
demonstrate  that  they  would  easily  per- 
form tasks  either  impossible  or  hopelessly 
time-consuming  by  conventional  meth- 
ods. Chayes  discovered  some  time  ago 
that,  contrary  to  what  would  be  expected 
from  the  major  petrographic  classifica- 
tions, andesites  are  decidedly  oversatur- 
ated  with  respect  to  silica,  their  average 
content  of  normative  quartz  being  more 
than  14%.  They  are  often  highly  oxi- 
dized, however,  and  it  seemed  possible 
that  the  unexpectedly  pronounced  silica 
saturation  might  be  a  by-product  of  the 
way  in  which  Fe  oxidation  affects  the 
calculation  of  silica  requirements.  At  the 
time  of  the  original  study,  investigation 
of  this  question  would  have  required  con- 
siderable special  programming.  With  the 
current  "rock  information  system"  it  is  a 
routine  matter.  Chayes  has  now  shown 
that  although  oxidation  state  does  indeed 
influence  the  silica  saturation  level,  an- 
desites are  decidedly  oversaturated  what- 
ever their  oxidation  state.  Silica  over- 
saturation  survives  complete  reduction  of 
ferric  iron  to  ferrous  in  92.6%  of  the  2036 
quartz-normative  andesites  in  the  data 
library,  and  the  average  "reduced"  nor- 
mative quartz  in  these  analyses  is  greater 
than  the  maximum  allowed  in  most  clas- 
sifications. 

Some  years  ago  Van  Valkenburg  and 
Weir  invented  a  diamond  pressure  cell 
that  proved  very  useful  in  studies  at  high 
pressure.    Subsequent  modifications  here 
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and  elsewhere  have  extended  the  poten- 
tial of  these  cells  and  made  them  more 
dependable.  The  cells  are  transparent  in 
the  infrared,  visible,  and  X-ray  regions 
and  can  withstand  300  kb  in  routine  op- 
eration. Experiments  can  be  conducted 
at  high  pressure  and  the  effects  observed 
simultaneously. 

Using  the  diamond  cell  Van  Valken- 
burg,  Mao,  and  Bell  have  observed  a 
nonlinear  increase  with  pressure  of  the 
aqueous  solubility  of  gypsum,  anhydrite, 
calcite,  aragonite,  hydromagnesite,  and 
oldhamite.  The  phenomenon  apparently 
occurs  with  many  minerals,  and  in  some 
is  sufficient  to  provide  the  basis  for  an 
important  geologic  mechanism.  Minerals 
at  points  of  high  stress  in  faults  open  to 
solutions  would  be  dissolved  and  repre- 
cipitated  at  zones  of  lower  stress. 

In  aqueous  solubility  experiments  us- 
ing the  diamond  cell,  Van  Valkenburg, 
Mao,  and  Bell  found  that  ikaite 
(CaCO<r6H20)  precipitates  from  dis- 
solved calcite  and  aragonite.  This  phase 
had  not  been  recognized  in  previous  ex- 
periments because  it  inverts  rapidly  to 
calcite  when  pressure  is  released. 

Bell  and  Mao  have  completed  a  new 
apparatus  for  measuring  polarized  crys- 
tal-field spectra  of  oriented  single  crys- 
tals at  high  pressure.  The  device  is  used 
in  combination  with  the  diamond  pres- 
sure cell.  Crystals  of  pigeonite  and 
olivine  were  measured  at  1  atm,  and  high- 
resolution  spectra  were  obtained.  Polar- 
ized spectra  of  ferrosilite,  never  before 
determined,  were  measured  at  1  bar,  and 
13,  20,  25,  and  90  kb.  On  the  basis  of 
band  assignment,  it  was  deduced  that  the 
two  nonequivalent  oxygen-coordination 
polyhedra,  Ml  and  M2,  become  less  dis- 
torted at  high  pressure.  The  geophysical 
importance  of  the  band  shift  with  pres- 
sure is  the  broadening  of  the  transmission 
"window"  for  the  radiative  transfer  of 
heat.  This  could  be  a  major  process  in 
the  earth's  mantle.  Mao  and  Bell  have 
subjected  spinel  of  fayalite  (Fe2Si04) 
composition  to  approximately  250  kb 
and  750°C  for  1  hour  in  the  diamond  cell. 


The  spinel  broke  down  to  FeO  (wiistite) 
and  Si02  (stishovite  or  another  silica 
phase  not  yet  characterized) .  This  reac- 
tion may  be  pertinent  in  the  earth's  deep 
mantle.  The  reaction  pressure  corre- 
sponds to  a  depth  of  approximately  900 
km  in  the  earth,  the  seismic  limit  of 
Birch's  "transition  zone." 

Bell  and  Mao  have  made  microprobe 
analyses  of  synthetic  clinopyroxenes  in 
the  system  jadeite  (NaAlSi206)-anorthite 
(CaAl2Si208)  and  found  excess  Si02  con- 
tent in  the  solid  solution  jadeite 
(NaAlSi206)  -calcium  Tschermak's  mole- 
cule (CaAl2Si06).  Although  this  finding 
had  been  previously  predicted  on  the 
basis  of  X-ray  diffraction  studies  of  ex- 
perimental products  (Kushiro,  19696; 
Mao,  Year  Book  69,  pp.  163-170),  it  was 
important  to  obtain  analytical  confirma- 
tion. Whether  Si02  is  present  as  quartz 
or  is  dissolved  in  pyroxene  is  crucial  in 
the  interpretation  of  liquidus  phenomena 
of  basalts  melted  at  high  pressure. 

Molten  lava  rises  to  the  earth's  surface 
along  conduits  that  are  associated  with 
seismic  activity  and  are  known  to  be 
zones  of  stress  dislocation.  Considering 
the  pressure  differences  existing  between 
the  unmelted  and  the  melted  rock  in  a 
shear  zone,  the  process  that  characterizes 
magma  generation  in  such  a  zone  could 
not  be  directly  predicted  from  known 
phase  diagrams  of  melting  equilibria. 
Mao  and  Bell  have  calculated  the 
thermodynamic  effect  of  a  stress  differ- 
ence and  have  shown  that  liquids  and 
solids  normally  thought  to  be  incompat- 
ible at  melting  temperatures  can  coexist. 
As  a  general  consequence  of  this  effect, 
melting  temperatures  are  changed  and 
normal  melting  behavior  is  altered.  The 
effect  of  a  stress  difference  at  great  depths 
in  the  earth  could  account  for  known  oc- 
currences of  composite  lavas  in  which 
major  contrasts  in  composition  exist. 

Xenoliths  erupted  in  kimberlite  pro- 
vide our  best  samples  of  upper  mantle 
rocks,  and  as  we  acquire  more  detailed 
chemical  and  petrographic  information 
on  these  little-studied  specimens  we  en- 
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rich  our  knowledge  of  the  petrology  of 
the  mantle.  Boyd  has  carried  out  detailed 
electron  probe  studies  of  an  amphibole- 
spinel  peridotite  xenolith  from  the  Wes- 
selton  kimberlite  pipe  in  South  Africa  and 
of  some  pyroxene-ilmenite  intergrowths 
from  the  Monastery  kimberlite  pipe  in 
the  Orange  Free  State.  Amphiboles  may 
be  important  constituents  in  the  upper- 
most parts  of  the  mantle,  but  they  are 
rare  in  kimberlite  xenoliths,  apparently 
because  they  are  unstable  at  the  pres- 
sures at  which  the  xenoliths  have  formed. 
Boyd  suggests  that  the  amphibole- 
bearing  xenolith  originally  contained 
garnet  and  chrome  diopside  but  that  it 
was  recrystallized  in  the  uppermost  part 
of  the  mantle  or  lower  crust  to  an  amphi- 
bole-spinel  assemblage.  The  pyroxene- 
ilmenite  intergrowths  from  the  Monas- 
tery mine  have  a  graphic  texture  that 
may  have  originated  by  breakdown  of  a 
high-pressure  phase,  possibly  garnet. 
Previously  described  intergrowths  are 
diopside-ilmenite,  but  one  of  the  speci- 
mens studied  by  Boyd  is  an  enstatite- 
ilmenite  intergrowth. 

Boyd  and  Smith  have  reviewed  re- 
cently published  work  on  the  pyroxenes 
in  Apollo  12  rock  12021.  The  mantled 
pigeonite  phenocrysts  in  this  lunar  basalt 
began  to  crystallize  under  quiescent  con- 
ditions at  depth  in  the  moon,  but  their 
Ca-rich  mantles  formed  under  turbulent 
conditions  as  the  lava  flowed  out  on  the 
lunar  surface.  The  extreme  sector  zoning, 
oscillatory  zoning,  and  zoning  toward 
more  Fe-rich  compositions  are  believed  to 
be  in  part  a  consequence  of  the  high 
fluidity  of  the  melt. 

Assemblages  of  iron-rich  pyroxenes, 
olivine,  and  quartz  are  potentially  useful 
as  both  geologic  thermometers  and  ba- 
rometers. Smith  has  carried  out  experi- 
ments on  stability  fields  of  these  minerals 
over  a  range  of  pressures  and  tempera- 
tures of  geological  interest.  The  experi- 
ments were  made  with  compositions 
within  the  pyroxene  quadrilateral  on  the 
join  Fs8oEni5-wollastonite.  The  results 
help  to  outline  both  the  miscibility  gap 


for  iron-rich  clinopyroxenes  and  the  "for- 
bidden zone"  in  the  quadrilateral  where 
pyroxenes  are  not  stable  at  low  pressures. 
Smith  and  Finger  determined  the  cell 
dimensions  of  clinopyroxenes  synthesized 
along  the  join;  their  results  suggest  that 
the  critical  temperature  of  the  clino- 
pyroxene  miscibility  gap  will  be  only 
slightly  influenced  by  pressure. 

Subcalcic  ferroaugite  and  the  newly 
discovered  pyroxenoid,  pyroxferroite, 
crystallized  as  groundmass  phases  in 
many  of  the  lunar  basalts.  Smith  and 
Finger  established  that  some  pyroxferro- 
ite contains  almost  as  much  magnesium 
as  calcium.  The  magnesian  pyroxferroite 
was  not  formed  in  experiments  with  ap- 
propriate compositions,  and  its  stability 
relations  remain  enigmatic. 

Dickey,  Yoder,  and  Schairer  synthe- 
sized chromian  diopsides  on  the  join 
CaMgSi206-CaCrAlSi06  from  diopside 
to  Di90CrCATSio.  These  compositions 
span  the  range  of  Cr203  concentrations 
found  in  natural  chromian  diopsides  (up 
to  3  wt  %).  Diopsides  containing  more 
than  3  wt  %  CrCATS  were  found  to  melt 
incongruently,  in  air  at  1  atm,  to  chro- 
mian spinel  +  liquid.  This  incongruent 
melting  phenomenon  may  account  for  the 
common  occurrence  of  disseminated 
chromite  in  harzburgites  and  dunites  be- 
lieved to  have  been  formed  by  partial 
fusion  (e.g.,  the  alpine-type  peridotites, 
the  tectonite  peridotites  of  ophioiite  com- 
plexes, and  some  volcanic  xenoliths) . 

The  key  join  for  the  K-rich  rocks, 
diopside-sanidine-forsterite-H20,  was  in- 
vestigated by  Yoder  and  Upton.  Their 
experiments  showed  the  almost  complete 
removal  of  the  elements  Ca  and  Mg  be- 
fore precipitation  of  the  K-rich  phases 
and  the  importance  of  biotite  in  parental 
material  as  a  source  of  K  in  series  such  as 
absarokite  or  shoshonite. 

Aluminous  anthophyllites  were  synthe- 
sized by  Yoder  at  PH2o  =  10  kb  and 
850  °C  in  a  further  effort  to  outline  their 
stability  field  and  contiguous  assemblages 
in  the  MgO-Al203-Si02-H20  system. 

Yoder  and  Dickey  worked  out  a  por- 
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tion  of  the  diopside-pyrope  system  at 
PH2o  =  5  kb  and  found  a  possible  expla- 
nation for  the  common  occurrence  of 
spinel,  especially  chromite,  with  cumulate 
olivine,  orthopyroxene,  and  plagioclase  to 
the  exclusion  of  cumulate  clinopyroxene. 

Yoder  studied  diffusion  between  mag- 
mas of  highly  contrasting  composition. 
Elements  of  natural  basalt  and  rhyolite 
melted  in  contact  at  1200°C  and  PH2o  = 
1  kb  diffused  at  different  rates,  indicating 
a  dependence  of  diffusivity  on  concentra- 
tion and  other  element  interactions. 

A  principal  objective  of  a  schedule  of 
calculation  in  the  CIPW  system  is  to 
produce  qualitative  agreement  between 
norm  and  mode,  but  in  the  treatment  of 
extremely  subsilicic  melilite  and  leucite 
rocks  it  fails  of  this  objective.  Chayes 
and  Yoder  are  developing  possible  modi- 
fications of  the  CIPW  combining  con- 
ventions that  would  generate  more  real- 
istic norms  of  these  rare  but  important 
rocks. 

Upton  studied  the  melting  relationships 
(at  1,  5,  and  10  kb)  of  some  Precambrian 
basic  intrusives  from  south  Greenland, 
with  a  view  to  establishing  the  relation- 
ship between  the  basaltic  magmatism  of 
the  Gardar  province  and  (1)  the  asso- 
ciated alkaline  intrusions  and  (2)  the 
anorthosites  believed  to  underlie  the  re- 
gion. Pyroxenite-facies  crystallization 
was  shown  to  persist  to  relatively  low 
pressures  (<  10  kb)  in  some  of  the 
basaltic  compositions,  affording  a  possi- 
ble explanation  for  the  genesis  of  the  high 
Na/Ca  and  Al-rich  magmas  presumed 
parental  to  the  anorthosites. 

M.  Cameron  has  synthesized  two  fluor- 
richterites,  one  all  Mg  and  the  other  with 
one  third  of  the  Mg  replaced  by  Fe2+,  and 
has  refined  their  crystal  structures.  A 
site  refinement  of  the  Fe-bearing  richter- 
ite  indicates  that  the  M(2)  site  is  en- 
riched in  Fe2+  relative  to  the  other  octa- 
hedral sites.  This  ordering  scheme  is 
opposite  that  in  most  OH  amphiboles  and 
may  be  related  to  the  presence  of  fluorine 
in  the  richterite. 


Experimental  studies  are  elucidating 
the  phase  relations  in  the  amphibole 
quadrilateral.  K.  Cameron  has  studied  a 
join  of  variable  calcium  content  across 
the  center  of  the  quadrilateral.  He  has 
found  two  pairs  of  coexisting  amphiboles, 
anthophyllite-cummingtonite  and  cum- 
mingtonite-actinolite.  The  results  of 
Cameron's  experiments  indicate  that 
anthophyllite-cummingtonite  are  not 
polymorphs  at  a  Fe:Mg  ratio  of  1:1,  but 
that  calcium  is  necessary  to  stabilize 
cummingtonite.  The  assemblage  cum- 
mingtonite-actinolite  is  common  in  some 
metamorphosed  iron  formations,  and 
present  experimental  data  suggest  that 
this  pair  of  amphiboles  can  be  used  to 
estimate  temperatures  of  metamorphism. 

Rumble  has  continued  his  study  of  the 
petrogenetic  grid  for  regionally  metamor- 
phosed rocks  of  western  New  Hampshire. 
Following  up  his  theoretical  work  on  the 
system  Fe-Ti-O,  reported  last  year 
(Year  Book  69) ,  he  began  a  systematic 
investigation  of  the  phase  equilibria  of 
naturally  occurring  Fe-Ti  oxide  minerals 
with  the  electron  microprobe.  The  min- 
eral assemblages  observed  and  the  chem- 
ical compositions  of  their  constituent 
phases  do  not  violate  Gibb's  phase  rule 
and  therefore  crystallized  in  chemical 
equilibrium.  An  important  result  of  this 
work  is  that  components  such  as  02,  a 
constituent  of  the  fluid  phase  of  regional 
metamorphism,  behave  very  differently 
in  different  rock  types.  The  Fe-Ti  oxide 
mineral  assemblages  of  quartzites  record 
steep  gradients  in  activity  of  oxygen  be- 
tween adjacent  sedimentary  beds.  Mica 
schists  are  characterized  by  uniform 
values  of  activity  of  oxygen  throughout 
rock  volumes  larger  than  that  of  the 
quartzites.  The  interesting  question  is 
raised  as  to  whether  this  difference  in  the 
conditions  of  equilibrium  for  the  two 
rock  types  carries  over  to  other  com- 
ponents of  the  fluid  phase  such  as  H20. 

Haggerty  has  extended  his  mineralogi- 
cal  oxidation  classification  for  titano- 
magnetite    to    include    ilmenite.     Phase 
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compatibility    diagrams    for    the    FeO-  Krogh    and    G.    L.    Davis    have    per- 

Fe203-Ti02  system,  determined  in  part  formed  precise  isotopic  dating  of  belts  of 

experimentally,     apply     to     the     Fe-Ti  volcanic  rocks  in  the   Canadian  shield, 

oxides  in  basalts  oxidized  above  600 °C  These  rocks,  which  are  chemically  simi- 

and  suggest  a  high-temperature  origin  of  lar  to  present-day  island  arcs,  have  been 

their  oxidation.  shown  to  be  coeval  over  long  distances. 

Using    mineral    incompatibilities    ob-  Early  results  of  a  systematic  study  by 

served  in  nature,  Burt  deduced  mineral  Hofmann  on  the  effects  of  regional  meta- 

stabilities  at  moderate  temperatures  and  morphism    on    whole-rock    Rb-Sr    ages, 

pressures  in  the  system  Ca-Fe-Si-C-O.  U-Pb   ages   of   zircons,   and   K-Ar    and 

The    stability    diagrams    resulting    from  Rb-Sr  ages  of  micas  in  pelitic  sediments 

this  analysis  were  found  to  work  very  (Belt     series,     northern     Idaho)      have 

well  as   facies   diagrams   for   skarn   de-  yielded  fairly  concordant  mica  ages  (43 

posits.    The  diagrams  also  can  be  used  to  76  m.y.)   for  the  higher  metamorphic 

to  model  the  metamorphism  (progressive  grades  and  highly  discordant  mica  ages 

decarbonation)    of    ferruginous    marbles  for  the  intermediate  and   lower  grades. 

and  calcareous  iron  formations.  One  biotite  from  the  staurolite-kyanite 

Retrograde     processes     in     Ca-Fe-Si  zone  yielded  a  Rb-Sr  age  of  43  m.y.  and 

skarns  commonly  lead  to  the  formation  a  K-Ar  age  of  about  1750  m.y.  The  mus- 

of  ilvaite,  CaFe2+2Fe3+Si2070(OH),  and  covite  from  the  same  sample  has  a  K-Ar 

much    more    rarely,    babingtonite,    Ca2-  age    of   229    m.y.     This    discordance    is 

Fe2+Fe3+Si5Oi4(OH).  Burt  used  the  tech-  thought  to  be  due  to  excess  argon  intro- 

nique  of  multisystems  analyses  to  deduce  duced   metasomatically   during  the   last 

the  relative  stabilities  of  these  two  min-  heating  event  about  43  m.y.  ago. 

erals  in  C02-  and  H20-rich  fluids  and  Apparent    K-Ar    and    Rb-Sr    ages    of 

concluded  that    babingtonite,    like    zeo-  Pennsylvanian  underclays  increase  with 

lites,  is  stable  only  in  low-temperature  grain  size,  but  the  age-versus-size  func- 

fluids  containing  very  little  C02.  tion   is    incompatible    with    any    simple 

Significant  advances  have  been  made  volume  diffusion  mechanism.  Because  of 
on  the  complex  Fe-S-0  system.  These  this  and  because  the  finest  (and  young- 
include  work  on  the  oxidation  of  pyrrho-  est)  fractions  contain  the  1  Me?  illite 
tites  by  Taylor,  stability  of  smythite  by  polytype,  the  age  pattern  is  best  ex- 
Taylor  and  Mao,  and  the  stability  of  the  plained  by  a  mixture  of  detritial  and 
pyrite-magnetite  assemblage  by  Taylor  authigenic  illite.  Hofmann  has  applied 
and  Kullerud.  MacRae  and  Kullerud  these  ideas  in  a  study  of  the  clay  frac- 
investigated  the  reaction  of  sulfur  with  tion  of  an  Ordovician  limestone  and  has 
common  silicates — such  as  garnet,  epi-  shown  that  the  apparent  Rb-Sr  ages 
dote,  tremolite — from  thermal  aureoles,  range  from  about  420  m.y.  for  the  finest 
Takeno  and  Taylor  report  on  the  rela-  fraction  to  about  900  m.y.  for  the 
tionship  of  the  breakdown  temperatures  coarsest  fraction.  These  values  agree  to 
of  natural  sulfides  and  the  stability  of  within  10%  with  the  stratigraphic  age 
their  pure  synthetic  analogues.  The  sys-  and  the  age  of  the  presumed  source  area 
terns  Ti-S  and  Fe-Ti-S  were  studied  by  (Adirondacks) ,  respectively. 
Viaene  and  Kullerud,  and  the  system  Mattinson,  T.  E.  Davis,  and  Hopson 
Cu-Ge-S,  by  Viaene.  The  mineral  val-  postulate  a  complex  history  for  some 
leriite,  which  has  a  most  unusual  com-  plutonic  rocks  of  the  Salinian  Block, 
position  involving  sulfide  and  hydroxide  California  Coast  Ranges,  on  the  basis  of 
layers,  was  synthesized  by  Takeno.  He  preliminary  uranium-lead  data  on  sepa- 
also  studied  the  magnetic  transforma-  rated  minerals  from  a  trondhjemitic 
tions  in  cubanite,  CuFe2S3.  pluton  from  the  Point  Reyes  area,  Cali- 


104 


CARNEGIE     INSTITUTION 


fornia.  Data  for  apatite,  sphene,  and 
feldspar  suggest  magmatic  crystalliza- 
tion about  61  m.y.  ago.  Zircons  have 
older,  discordant  ages,  however,  and  may 
have  crystallized  in  Paleozoic  time. 
They  conclude  that  the  pluton  was  em- 
placed  and  crystallized  about  61  m.y. 
ago  (Late  Cretaceous)  and  the  older 
zircons  reflect  either  an  anatectic  origin 
for  the  pluton  or  assimilation  of  wall 
rocks. 

As  a  part  of  continuing  efforts  to  re- 
duce the  levels  of  contamination  in 
analysis  of  minerals  containing  trace 
levels  of  lead,  Mattinson  has  devised  a 
simple  molecular  distillation  system. 
The  new  system  permits  preparation  of 
ultraclean  HF,  HC1,  and  HN03  by 
single  distillation  starting  with  reagent- 
grade  acids.  Contamination  levels  (of 
lead)  are  10  to  100  times  less  than  in 
acids  prepared  by  previous  techniques. 

The  acidic  substances  extracted  by  an 
organic  solvent  from  a  rock  contain 
many  of  the  compounds  in  the  living 
organisms  that  contributed  to  the  sedi- 
ment plus  a  wide  range  of  molecules  that 
have  arisen  with  time  through  the  trans- 
formation of  the  organic  matter  in  it. 
Hoering  has  developed  a  method  to 
simplify  identification  of  these  sub- 
stances. Using  a  mild  chemical  reduc- 
tion, he  was  able  to  reduce  to  saturated 
hydrocarbons  about  20%  of  the  polar 
organic  compounds  extracted  from  the 
Green  River  shale.  "The  structure  of  the 
carbon  skeleton  in  the  compounds  is  pre- 
served during  the  removal  of  functional 
groups,  and  the  resulting  mixture  of 
hydrocarbons  can  be  separated  and 
analyzed  with  relative  ease.  Using  deu- 
terated  reagents  for  the  reduction,  deu- 
terium atoms  were  added  to  the  prod- 
ucts. When  the  amount  and  position  of 
the  labeling  are  known,  an  estimate  can 
be  made  of  the  classes  of  chemical  com- 
pounds that  have  been  reduced. 

Hare  studied  the  racemization  mech- 
anisms for  free  amino  acids  in  solution 
compared  to  peptide-bound  amino  acids 


and  found  enhanced  racemization  rates 
when  peptide  bonds  are  hydrolyzed  in 
neutral  and  alkaline  environments.  Rates 
of  racemization  reactions  in  natural  sys- 
tems follow  closely  the  rates  predicted 
from  the  hydrolysis  of  peptide-bound 
amino  acids  and  make  it  possible  to 
detect  the  presence  of  recent  contami- 
nants in  ancient  geologic  materials. 

Hare  has  devised  refinements  in  exist- 
ing instrumentation  for  amino  acid 
analysis  that  make  possible  the  detection 
of  subnanogram  levels  of  amino  acids. 
It  is  now  feasible  to  perform  quantita- 
tive amino  acid  analysis  of  a  single 
Foraminifera  test  weighing  only  a  small 
fraction  of  a  milligram  and  containing 
less  than  1%  total  amino  acids.  This 
type  of  analysis  opens  a  field  of  study 
of  amino  acids  in  various  species  of 
forams  and  other  microfossils,  both  Re- 
cent and  fossil,  found  in  deep-sea  cores. 

Finger  and  Virgo  have  used  Moss- 
bauer  spectroscopy  and  X-ray  diffrac- 
tion to  study  Fe2+/Mg  ordering  in 
olivines  close  in  composition  to  (Fe2+, 
Mg)2Si04.  The  difference  in  the  results 
obtained  by  the  two  techniques  is  very 
small  and  confirms  the  ordering  effect 
in  olivines.  In  addition,  the  inner  Moss- 
bauer  doublet  may  be  assigned  to  the  Ml 
site  in  the  crystal.  Comparison  of  the 
degree  of  ordering  with  geologic  setting 
has  not  produced  a  strong  correlation 
between  the  structural  state  and  the 
thermal  history  of  the  sample. 

Fe  is  a  ubiquitous  constituent  in  most 
common  rock-forming  minerals.  It  exists 
in  different  valence  states  and  in  a  vari- 
ety of  locations  in  the  crystal  structure. 
By  reason  of  these  factors,  57Fe  Moss- 
bauer  spectroscopy  is  ideal  for  studying 
site  populations  and  other  properties  of 
distinct  crystal  sites,  such  as  their  de- 
gree of  ionicity  and  distortion.  Virgo  has 
completed  construction  of  new,  highly 
sensitive  Mossbauer  equipment  for  use  at 
this  Laboratory. 

Raymond  has  been  studying  electron- 
density  distributions  in  crystals  through 
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an    investigation    of    the    electric-field  the  absorber.    The  major  advantage  of 

gradients  at  the  atomic  sites.  As  part  of  the  method  is  that  the  absorption  factor 

a  continuing  study  of  field  gradients  in  need  not  be  known, 

silicates,  he  calculated  the  electric-field  In  an  effort  to  evaluate  the  errors  in 

gradients    in    spodumene     (LiAlSi206).  pressure  measurement  in  solid-pressure 

Upwards  of  85%  of  the  magnitudes  of  media  apparatus,  Bell,  Mao,  and  Eng- 

the  field  gradients   could  be  accounted  land  have  performed  three  types  of  ex- 

for  by  an  ionic  model  with  polarizable  periments.  These  include  an  interlabora- 

ions.  Raymond  also  calculated  Madelung  tory  determination  of  the  Ab  +±  Jd  -j- 

constants  for  a  number  of  silicates,  as  a  Qtz  reaction  at  600 °C,  measurements  of 

first  step  in  the  calculation  of  cohesive  the   Bii_n   transition   simultaneously    in 

energies  of  silicates.  separate  parts  of  the  pressure  cell,  and 

Finger  and  Hadidiacos  are  engaged  in  measurements  of  pressure  in  mixtures  of 

attaching  a  minicomputer  to  the  electron  MgO  and  NaCI  by  determining  unit  cell 

microprobe.   The  equipment,  including  a  (X-ray)  volumes. 

novel  electron  beam  shutter  designed  and  Differences     in     compressibility     and 

built  at  the  Laboratory,  has  been  as-  strengths   of   materials   of   the   pressure 

sembled  and  tested.   The  computer  pro-  cell  cause  severe  pressure  gradients.  The 

grams  necessary  to  drive  the  spectrom-  measurement  errors  resulting  from  the 

eter  motors,  the  sealer-timer  pairs,  and  gradients  are  systematic  and  are  super- 

the    beam   interceptor    are    in    varying  imposed  on  frictional  errors.    It  is  not 

stages  of  preparation.  The  routines  ready  possible   to   determine   these    errors   di- 

for  use  include  general  service  programs  rectly;  they  amount  to  more  than  10% 

and  a  procedure  for  positioning  the  crys-  of    the    pressure    under    the    conditions 

tal  spectrometers  at  a  maximum  in  the  studied. 

count  rate.  Mao  and  Bell  have  further  studied  the 

Finger  has  devised  a  method  of  deter-  behavior  of  thermocouples  in  single- 
mining  the  factor  needed  to  correct  the  stage,  piston-cylinder  pressure  appara- 
data  from  an  X-ray  counting  system  for  tus.  In  this  report  they  have  considered 
losses  caused  by  the  response  time  of  the  the  effects  of  tension  and  contamination 
detector.  His  technique,  which  involves  on  Pt/Pt  10%  Rh  and  on  W  3%  Re/W 
a  single  absorber  in  the  X-ray  path,  re-  25%  Re  thermocouples.  Under  the  most 
quires  the  measurement  of  the  count  rate  favorable  conditions,  temperatures  meas- 
at  two  different  values  of  the  X-ray  tube  ured  at  high  pressure  are  uncertain  by 
current,  each  measured  with  and  without  approximately  1%. 

EXPERIMENTAL    AND  THEORETICAL    PHASE- 
EQUILIBRIUM    STUDIES    OF    NATURAL    AND 
SYNTHETIC    SILICATE    SYSTEMS 

Diffusion  between  Magmas  of  magmas,  once  generated,  could  be  stored 

Contrasting  Composition  in  a  place  removed  from  the  site  of  gen- 

tr  q  y  h      i  eration,  for  example,  in  the  same  cham- 
ber or  conduit.   It  was  believed  that  the 

A  model  for  the  production   of  two  magmas  would  retain  their  identity  with 

magmas  of  highly  contrasting  composi-  a  minimal  amount  of  mixing  or  diffusion, 

tions,  such  as  basalt  and  rhyolite,  from  a  A   few   experiments   were   presented   to 

single  parent  was  presented   last  year  illustrate   the    sharp   interface    between 

(Year  Book  69,  pp.  141-145).  A  critical  basaltic   and  rhyolitic  magmas   formed 

point  in  the  argument  was   that  such  under  hydrous  conditions  at  low  pres- 
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sure.  Additional  experiments  have  now 
been  performed  that  contribute  to  an 
understanding  of  the  nature  of  the 
interface. 

Of  particular  interest  are  the  results 
on  a  pair  of  well-documented,  analyzed 
samples  from  the  Craignure  composite 
intrusion,  Craignure  Bay,  Mull,  kindly 
provided  by  Professor  R.  R.  Skelhorn 
(Sir  John  Cass  College).  Powders  of  the 
basic  margin  sample  (Si02  =  48.25  wt 
%)  and  the  acid  central  component 
(=  craignurite,  Si02  =  71.80  wt  %) 
were  packed  end-to-end  with  excess 
water  in  a  platinum  tube.  The  cuspate 
interface  shown  in  part  in  Fig.  1  resulted 


after  a  1-hour  run  at  1200  °C  and  PH2o 
=  1  kb.  The  gray  portion  of  the  polished 
section  is  the  basic  glass,  containing  two 
large  inclusions,  and  the  black  portion, 
containing  highlights  from  vesicles,  is  the 
acid  glass.  The  black  glass  appears  to  be 
free  of  vesicles  and  inclusions  in  the 
immediate  vicinity  of  the  interface.  The 
basic  glass  has  a  bright  border  of  about 
20  jam,  then  a  broad  band  of  darker  ma- 
terial about  150  jum  wide.  Electron  probe 
scans  at  an  angle  to  the  interface  yielded 
the  results  shown  in  Fig.  2.  The  hori- 
zontal portions  of  the  curves  extending 
beyond  the  figure  were  assigned  the 
values    obtained    by    chemical    analysis 


Fig.  1.  Polished  section  of  the  interface  formed  between  melts  of  basalt  (bottom)  and  rhyolite 
(top)  from  the  Craignure  composite  intrusion,  Craignure  Bay,  Mull.  Bar  is  20  fxm  long.  Vertical 
line  is  approximate  position  of  electron  probe  path  (see  Fig.  2).  Conditions  of  experiment  were 
1200  °C,  Ph2o  =  1  kb,  and  1  hour  duration,  with  powdered  specimens  placed  end  to  end  in  a  plat- 
inum tube. 
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Fig.  2.  Schematic  presentation  of  compositional  changes  across  melted  basalt-rhyolite  interface 
near  path  shown  in  Fig.  1.  Oxide  changes  deduced  from  electron  probe  traverses  and  correlated 
with  optical  observations. 


and  the  electron  probe  tracing  for  each 
element  scaled  linearly  to  the  oxide. 
(This  crude  procedure  can  obviously  be 
improved  on  with  automated,  probe- 
analysis  methods  now  being  instru- 
mented.) 

Attention  is  called  to  the  slight,  but 
obvious,  rise  in  values  for  Ti02,  MgO, 
CaO,  and  "FeO"  (total  Fe  converted  to 
FeO)  above  the  initial  amount  in  the 
basalt  some  100-150  /xm  from  the  as- 
sumed interface.  A  similar  rise  appears 
to  take  place  for  K20  in  the  rhyolite; 
however,  inclusions  may  account  for  this 
deviation  as  well  as  the  large  drop  in 
content  at  about  400  /xm  on  the  arbitrary 
scale.  It  is  now  realized  that  what  ap- 
peared to  be  a  sharp  contact  on  visual 
inspection   turns   out  to   be   a   diffusion 


zone  involving  at  least  300  /xm,  although 
most  of  the  compositional  changes  take 
place  within  60  /xm.  The  concentration 
gradients  were  most  likely  the  result  of 
diffusion  in  the  melts ;  other  mechanisms, 
however,  such  as  transport  in  a  vapor 
phase,  may  be  operative.  The  general 
similarity  of  the  concentration  gradients 
for  each  element  measured  may  indicate 
the  great  influence  of  other  element  in- 
teractions. On  the  other  hand,  the  asym- 
metry of  the  gradients  suggests  that  the 
diffusivity  is  dependent  on  concentra- 
tion. When  time  dependence  and  accu- 
rate compositions  are  obtained  it  will  be 
possible  to  determine  diffusion  coeffi- 
cients for  each  element.  Of  considerable 
interest  would  be  the  distribution  of 
H20   between   the   two   liquids,   but   no 
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method  is  known  to  the  author  for  mak- 
ing a  continuous  profile  of  the  hydrogen 
content.  Attention  is  again  called  to  the 
fact  that  the  basalt  and  rhyolite  are 
readily  homogenized  by  melting  when 
powdered  and  thoroughly  mixed;  that  is, 
immiscibility  of  liquids  is  not  involved. 

Diopside-Sanidine-HoO  at  5  and  10  kb 
H.  S.  Yoder,  Jr.,  and  B.  G.  J.  Upton 

One  of  the  major  effects  in  the  differ- 
entiation of  basaltic  magma  is  the  con- 
centration of  potassium  in  the  residual 
magmas.  The  potassium  is  usually  con- 
tained in  the  phases  sanidine  (or  its 
polymorphs),  or  biotite,  or  both.  Gen- 
erally the  sanidine  component  of  the 
feldspars  increases  dramatically  in  the 
later  stages  of  fractionation  until  sani- 
dine itself  appears  as  a  phase  in  the  final 
products.  Rarely  sanidine  may  appear 
early,  as  in  the  absarokite-shoshonite 
series.  Biotite,  on  the  other  hand,  may 
appear  at  any  stage,  provided  water  is 
present  in  the  magma.    The  positions  of 


these  phases  in  their  respective  anhy- 
drous and  hydrous  tetrahedra  relevant  to 
basalt  are  shown  in  Fig.  3.  It  is  seen  that 
the  join  Di-Sa-Fo  is  vitally  important 
in  understanding  the  roles  of  sanidine  as 
well  as  phlogopite,  a  principal  end  mem- 
ber of  the  biotites,  in  the  fractionation  of 
basic  liquids. 

The  join  Di-Fo  was  studied  by  Bowen 
(1914)  and  Kushiro  and  Schairer  (Year 
Book  64,  p.  96)  at  1  atm.  Three  com- 
positions on  or  near  the  join  Fo-Sa  at 
1  atm  were  investigated  by  Schairer 
(1954)  in  his  study  of  forsterite-leucite- 
Si02?  and  it  was  found  that  enstatite 
(En)  -f-  leucite  (Lc)  +  sanidine  (Sa) 
was  the  stable  assemblage.  Luth  (1967) 
suggested  that  the  Fo-Sa  join  was  stable 
only  at  a  temperature  slightly  below 
1000°C,  whereas  the  En-Lc  join  was 
stable  above  that  temperature  at  pres- 
sures up  to  3  kb.  This  conclusion  was 
not  in  accord  with  the  three  runs  in  the 
same  system  carried  out  by  Yoder  and 
Tilley  (1962,  p.  499),  which  yielded  Fo 
+  Sa  at  1200°C  and  10  kb.  Schairer  and 


Fig.  3.  (A)  Joins  stable  in  the  system  diopside  (Di)-kalsilite  (Ks)-forsterite  (Fo)-quartz  (Qz), 
in  mole  percent.  Lc,  leucite;  Sa,  sanidine;  En,  enstatite.  (B)  Joins  stable  in  the  system  Di-Ks-Fo- 
Qz-H20,  in  mole  percent.  Ph,  phlogopite.  Based  on  unpublished  data  on  the  join  Du5Sa55-Fo-H20 
at  Ph2o  =  5  kb.  Dashed  line  is  fortunite  option  presumed  to  be  stable  above  breakdown  of  Ph-Qz. 
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Bowen  (1938)  studied  the  system  leu- 
cite-diopside-silica  in  which  Di-Sa  lies, 
but  were  able  to  obtain  data  only  in  the 
liquid  region  because  of  the  great  dif- 
ficulty in  crystallizing  the  glass  starting 
material.  Schairer  and  Yoder  (1965,  un- 
published data)  renewed  the  effort  to 
crystallize  glasses  in  the  subliquidus 
region,  making  very  long  runs  on  newly 
prepared  compositions  on  the  join  Di-Sa. 
The  primary  purpose  of  the  Schairer  and 
Yoder  study  was  to  ascertain  if  the  solid 
solution  behavior  was  equivalent  to  the 
plagioclase  effect  of  Bowen  (1945) 
whereby  some  Ca  entered  the  potassium 
feldspar     and     some     Al     entered     the 


pyroxene.  The  results  of  those  two 
studies  are  incorporated  with  a  schematic 
presentation  in  the  upper  portion  of  Fig. 
4  of  the  critical  part  of  the  subsolidus 
region  deduced  from  liquidus  data.  Ap- 
parently in  those  investigations  sanidine 
was  not  obtained  in  any  of  the  products. 
Schairer  and  Yoder  (unpublished  data) 
obtained  a  phase  in  addition  to  diopside 
and  leucite  that  they  believed  to  be 
metastable  and  tentatively  identified  as 
isometric  leucite  on  the  basis  of  powder 
X-ray  diffraction  patterns.  Because 
water  greatly  facilitates  the  crystalliza- 
tion of  sanidine,  and  sanidine  melts  con- 
gruently  above  Ph2o  =  2.6  kb,  it  was 
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Fig.  4.  Temperature-composition  diagram  for  the  join  diopside  (Di)-sanidine  (Sa)  at  1  atm 
(Schairer  and  Bowen,  1938;  Schairer  and  Yoder,  1965,  unpublished  data)  and  at  Ph2o  =  5  kb.  L, 
liquid;  G,  gas.  Barb  on  left  of  symbol  indicates  presence  of  rare  unknown  phase;  barb  on  right  of 
symbol,  quench  or  leach  products. 
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believed  that  the  phase  relations  in 
Di-Sa  could  be  worked  out  at  PH2o  =  5 
and  10  kb. 

Di-Sa-H20  at  5  kb 

The  new  data  on  the  join  Di-Sa  in  the 
presence  of  excess  water  at  5  kb  are  pre- 
sented in  Fig.  4.  The  runs  were  made  in 
a  modified,  internally  heated,  gas-media 
apparatus  (Yoder,  1950).  The  melting 
of  diopside  at  Ph2o  =  5  kb  is  taken  from 
Yoder  (Year  Book  57,  1958,  p.  190),  and 
the  beginning  of  melting  of  sanidine  is  in 
accord  with  the  value  given  by  Yoder, 
Stewart,  and  Smith  {Year  Book  56,  1957, 
p.  208) .  The  liquidus  for  diopside  was 
difficult  to  determine  because  of  the 
rapid  growth  of  diopside  during  the 
quench.  Other  quench  or  leaching  prod- 
ucts from  the  liquid  or  gas  phases  in- 
clude very  minor  amounts  of  phlogopite, 
muscovite,  or  montmorillonite.  The  runs 
in  which  the  latter  phases  were  observed 
are  indicated  by  a  small  barb  extending 
to  the  right  of  the  run  symbol.  The  pos- 
sible existence  of  a  field  of  stability  of 
phlogopite  was  considered  but  rejected 
because  of  the  irregularity  of  its  occur- 
rence in  contiguous  compositions  and 
absence  in  glass  presumed  to  be 
quenched  liquid.  The  small  liquidus 
field  for  sanidine  is  estimated.  The 
highest  temperature  at  which  Di  -j-  Sa 
crystallize  together  with  L  +  G  is  about 
877 °C,  and  L  is  consumed  when  the  tem- 
perature reaches  about  855  °C.  The 
cotectic  is  close  to  DioSaog  wt  %.  Rare 
unidentified  crystals  in  s=»  1.547,  iso- 
tropic) were  observed  in  those  runs  hav- 
ing diopside-rich  compositions  marked 
with  a  barb  to  the  left.  The  unknown 
phase  was  too  small  in  size  and  too 
sparsely  distributed  to  determine  the 
composition  on  the  electron  probe.  It  is 
evident  from  the  results  that  the  residual 
liquid  is  strikingly  enriched  in  sanidine 
and  that  solid  solution  is  taking  place  in 
sanidine,  or  diopside,  or  both. 

The  nature  and  extent  of  the  possible 
solid  solutions  are  of  considerable  impor- 


tance in  determining  the  directions  of 
fractionation  as  well  as  illuminating  the 
possible  composition  of  the  unknown 
phase.  Sanidines  analyzed  by  electron 
probe  had  essentially  stoichiometric  end- 
member  compositions  with  no  evidence 
of  any  significant  Ca  or  Mg.  Prelimi- 
nary electron  probe  studies  on  diopside 
suggest  a  measurable  Al  content  and 
essentially  no  K.  It  would  appear  that 
the  solid  solution  in  diopside  is  mainly  in 
the  direction  of  Ca-Tschermak's  mole- 
cule rather  than  leucite.  The  optical 
properties  of  the  unknown  phase  are  close 
to  K20-MgO-Si02  but  are  not  regarded 
as  sufficiently  diagnostic.  The  distri- 
bution of  the  rare  unknown  phase  implies 
that  the  diopside  solid  solution  becomes 
negligible  in  compositions  richer  in  sani- 
dine than  Di80Sa2o,  or  reaches  a  fixed 
value,  and  the  amount  of  the  unknown 
phase  is  reduced  in  the  more  sanidine- 
rich  compositions  below  the  level  of  de- 
tection. On  the  other  hand,  the  unknown 
phase  may  itself  be  a  leach  product  in 
the  diopside-rich  compositions.  The  lat- 
ter view  is  tentatively  accepted  even 
though  the  proposed  diopside  solid  solu- 
tion requires  the  presence  of  another 
phase  to  fully  account  for  the  bulk 
composition. 

Di-Sa-H >0  at  10  kb 

The  results  on  the  Di-Sa-H20  system 
under  a  pressure  of  10  kb  are  presented 
in  Fig.  5.  The  melting  of  diopside  at  this 
water  pressure  takes  place  at  1265°C 
(Yoder,  Year  Book  64,  p.  84).  A  value 
for  the  hydrous  complete  melting  of  sani- 
dine +  water  at  P  =  10  kb  is  given  here 
as  840°C.  The  coprecipitation  of  diop- 
side and  sanidine  takes  place  at  almost 
as  high  a  temperature  although  the 
cotectic  point  near  DiiSa99  is  at  about 
830°C.  The  narrow  four-phase  region, 
Di  -f-  Sa  +  L  -\-  G,  implies  solid  solution 
in  diopside,  or  sanidine,  or  both.  Al- 
ternative explanations  for  the  four- 
phase  region  include  (1)  possible  insuf- 
ficient water  to  saturate  the  liquid,   (2) 
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Fig.  5.  Temperature-composition  diagram  for  the  join  diopside  (Di)-sanidine  (Sa)  at  PH»o  =  10 
kb.  Symbols  as  in  Fig.  4.  Box  enclosing  symbol  indicates  phase  absent  as  a  result  of  solution  in  gas 
phase. 


failure  to  achieve  equilibrium  in  72  hours 
by  incomplete  melting  of  the  completely 
crystallized  starting  materials,  and  (3) 
excessive  leaching  by  the  large  amounts 
of  H20  present.  Leaching  was  particu- 
larly extensive  in  the  diopside-rich  com- 
positions. Sanidine  was  completely  con- 
sumed in  the  gas  phase  for  some  runs 
(indicated  by  a  box)  having  as  much  as 
Sai5  in  the  bulk  composition.  (Sanidine 
was  clearly  identified  just  below  the 
solidus  in  compositions  having  as  little 
as  Di95Sa5  at  Ph2o  =  5  kb.)  The  amount 
of  sanidine  produced  from  Di80Sa2o  and 
Di75Sa25  was  noticeably  less  than  that 
expected  from  the  bulk  compositions. 
For  this  reason  it  was  not  possible  to  as- 
certain the  temperature  of  the  solidus  for 
those  compositions.  The  unknown  phase 
that  appeared  at  Ph2o  =  5  kb  was  not 
observed  at  10  kb;  however,  micas  (indi- 
cated by  barb  on  right  side  of  run  sym- 
bol) were  not  uncommon  as  a  leaching 
product.  There  is  little  doubt  that  the 
residual  liquids  are  very  close  to  sanidine 
in  bulk  composition. 


Petrological  Applications 

Natural  analogues  of  the  Di-Sa  join 
are  to  be  found  in  the  sanidinites,  pertho- 
sites,  augite  syenites,  and  melanocratic 
syenites,  provided  allowance  is  made  for 
the  presence  of  Na  and  Fe  in  the  natural 
examples.  Many  of  these  rocks  are  the 
products  of  trachytic  magmas  containing 
80%  or  more  of  normative  alkali  feld- 
spar and  affording  comparison  with  the 
feldspar-rich  liquids  produced  at  the  be- 
ginning of  melting  in  Di-Sa  and  in 
Di-Ab  (Schairer  and  Yoder,  1960; 
Yoder,  Year  Book  65,  p.  274).  The  ex- 
perimental data  can  also  be  related  to 
the  fact  that  trachytes  rich  in  modal 
clinopyroxene  or  normative  Di  are  of 
very  exceptional  occurrence. 

Syenites  consisting  principally  of 
perthitic  alkali  feldspar  (initially  Na- 
rich  sanidines)  and  Ca-rich  clinopyrox- 
ene (typically  ferroaugite  or  ferroheden- 
bergite)  with  lesser  amounts  of  iron-rich 
olivine,  amphibole,  mica,  and  oxides  are 
of  common  occurrence  in  anorogenic  con- 
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tinental  regions.  As  indicated  by  Morse 
(Year  Book  67,  p.  112),  "their  small 
volume  and  frequent  well-defined  asso- 
ciation with  logically  parental  series 
render  their  derivation  and  fractionation 
from  basalt  quite  credible."  Occurrences, 
however,  of  basic  rocks  in  extrusive  or 
shallow-level  intrusive  bodies  in  which 
trachytic  or  syenitic  residua  have  been 
described  are  vanishingly  rare;  low-pres- 
sure basaltic  residua  tend  to  be  either 
rhyolitic  (e.g.,  granophyres)  or  phonolitic 
(e.g.,  analcime  microsyenites) .  The  few 
recorded  instances  where  syenites  appear 
demonstrably  to  be  derived  from  frac- 
tionation of  basaltic  magma  (e.g.,  Kigla- 
pait,  Labrador  [Morse,  1969],  and  Insch, 
Scotland  [Read,  Sadashivaiah,  and  Hag, 
1961;  Clarke  and  Wadsworth,  1970])  are 
in  relatively  deep-seated  complexes  crys- 
tallized at  moderate  pressures.  Wright 
(1969,  1971)  has  emphasized  that  tra- 
chytic magmas  may  ascend  rapidly  from 
the  upper  mantle,  citing  as  evidence  the 
observation  of  lherzolitic  nodules  in 
Nigerian  trachytes.  The  present  work 
strongly  suggests  that  sanidine  +  clino- 
pyroxene  is  a  stable  assemblage  to  depths 
of  at  least  40  km  and  that  fractional 
crystallization  of  trachytic  magmas  (un- 
like basalts)  is  unlikely  to  be  radically 
changed  in  character  within  the  pres- 
sure range  from  10  kb  to  atmospheric 
pressure. 

The  derivation  of  trachytic  magmas 
by  partial  melting  of  parental  material 
appears  to  be  possible  on  the  basis  of  the 
results  obtained.  However,  the  fact  that 
trachyte  and  syenite  have  compositions 
that  are  represented  closely  by  those 
near  the  alkali  feldspar  thermal  barrier 
in  petrogeny's  residua  system  (c/.  Morse, 
Year  Book  67,  p.  114)  rather  than  the 
minimum  melting  points  involving 
quartz  or  nepheline  still  requires  ex- 
planation. Consideration  of  the  mafic 
components,  recommended  by  Morse 
{Year  Book  67,  pp.  118-119),  may  re- 
solve the  problem,  at  least  at  low  pres- 
sures (cf.  Yoder  and  Tilley,  1962,  p.  400, 


Fig.  12).  One  view  is  that  the  multicom- 
ponent  natural  system  which  is  exactly 
critically  undersaturated  (i.e.,  involving 
neither  normative  nepheline  nor  hyper- 
sthene)  is  sufficiently  constrained  by  the 
precipitating  phases  (or  residual  phase, 
on  melting)  to  retain  its  normative  char- 
acter throughout  the  major  portion  of 
its  fractionation.  The  presence  of  mafic 
components  and  the  operation  of  the 
plagioclase  effect  in  the  final  stages  as 
extended  herein  would  indicate  that 
pantellerite  or  commendite  is  one  pos- 
sible final  residuum  of  such  a  system. 

The  appearance  of  sanidine  in  basic 
rocks  such  as  the  shonkinites  and  in  the 
absarokite  or  shoshonite  series  raises  an- 
other serious  problem.  All  the  present 
physicochemical  data  indicate  substantial 
removal  of  the  elements  Ca  and  Mg  be- 
fore precipitation  of  K-rich  phases;  yet 
in  these  rocks  the  elements  appear  to  be 
compatible  in  abundance.  These  remark- 
ably high  K  and  Mg  rocks  run  the  gamut 
from  greatly  undersaturated  types  (e.g., 
katungite)  to  silica-saturated  types  (e.g., 
shoshonite).  Whereas  shonkinite  may  be 
accounted  for  by  the  settling  of  clino- 
pyroxene  into  a  normal  syenite,  the  ap- 
pearance of  sanidine  as  phenocrysts  in  a 
basic  magma  series  requires  a  parental 
material  containing  normative  Or  ex- 
ceeding that  for  saturation  of  basic 
plagioclase.  The  partial  melting  of  mica 
lherzolite  may  provide  liquids  that 
satisfy  this  requirement.  The  present 
need  is  for  definitive  field  and  petro- 
graphic  studies  on  the  absarokite-sho- 
shonite  series  with  a  view  toward  deter- 
mining the  relict  high-pressure  phases, 
the  role  of  biotite,  the  character  of  the 
sanidine,  and  possible  reaction  relations 
involving  olivine. 

Melting  Experiments  on  Chilled 
Gabbros  and  Syenogabbros 

B.  G.  J.  Upton 

In   many   parts   of   the   world  mildly 
alkaline  and  transitional  basalts  are  in- 
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timately  associated  with  trachytic  and 
peralkaline  salic  magmas.  This  relation- 
ship is  well  exhibited  in  the  Precambrian 
Gardar  igneous  province  of  south  Green- 
land, where  olivine  basalts  of  alkaline 
affinity,  erupted  as  flows,  dikes,  and  sills, 
occur  together  with  intrusive  complexes 
of  syenite,  nepheline  syenite,  and  granite 
(Upton,  1971).  Close  genetic  links  be- 
tween these  salic  rocks  and  the  basic 
rocks  are  presumed,  as  they  are  also  be- 
tween the  latter  and  the  anorthositic 
xenoliths  present  within  many  of  the 
intrusions  (Bridgwater  and  Harry, 
1968).  The  nature  of  the  anorthosite 
inclusions  led  to  the  supposition  that  one 
or  more  large  anorthosite  bodies,  perhaps 
comparable  to  those  of  Labrador,  under- 
lie the  region.  Sr87/Sr86  studies  on  some 
of  the  basic  and  salic  intrusives  (van 
Breemen  and  Upton,  unpublished  data) 
show  a  uniformity  of  value  tending  to 
confirm  other  geochemical,  penological, 
and  field  evidence  for  the  essential  co- 
magmatism  of  the  entire  province.  In 
consequence,  the  province  may  be  re- 
garded as  a  continental  alkali-basalt- 
trachyte  association  (with  phonolitic  and 
rhyolitic  derivatives)  whose  genesis  was 
connected  with  large-scale  production  of 
anorthosite  at  depth. 

Since  the  basaltic  magmas  appear  to 
have  played  a  key  role  in  the  magmatic 
evolution  of  the  province,  dry  melting 
experiments  at  1,  5  and  10  kb  were  un- 
dertaken on  some  selected  basic  rocks  to 
ascertain  (1)  likely  temperatures  of  in- 
trusion, (2)  the  order  of  appearance  of 
the  principal  mineral  phases  at  relatively 
high  crustal,  deep  crustal,  and  upper 
mantle  levels,  and  (3)  the  extent  of  the 
crystallization  intervals  in  these  environ- 
ments. It  was  also  hoped  that  the  ex- 
periments would  throw  some  light  on  the 
relationship  of  the  anorthosites  to  the 
basalt  magmas  of  the  province. 

The  Gardar  basic  intrusives  are,  for 
the  most  part,  products  of  high-alumina 
alkali  olivine  basalts,  distinctly  rich  in 
titanium,    which     crystallized     at    high 


crustal  levels  (i.e.,  <  5  km  depth).  They 
differ,  therefore,  from  the  chilled  margi- 
nal basalt  believed  by  Emslie  and 
Lindsley  (Year  Book  67,  p.  108)  to  have 
been  parental  to  the  anorthosites  and 
troctolites  of  the  Michikamau  (Labra- 
dor) anorthositic  complex,  in  being  dis- 
tinctly more  alkalic,  with  higher  Na,  K, 
P,  and  Ti  contents  as  well  as  being  some- 
what less  calcic  and  aluminous. 

Most  of  the  basic  magmas  reached 
surface  or  shallow  crustal  levels  at  or 
below  their  liquidus  temperatures,  and 
lavas  and  chilled  intrusive  facies  com- 
monly possess  both  labradorite  and 
olivine  phenocrysts.  Petrographic  studies 
on  the  layered  troctolitic  gabbro  "giant 
dikes"  of  the  Tugtutoq  district  (Upton, 
1964)  indicate  crystallization  of  plagio- 
clase  and  olivine  followed  by  Ti  magnet- 
ite and  apatite,  with  subsequent  appear- 
ance of  titaniferous  augite  and  biotite. 
Clinopyroxene  did  not  achieve  pheno- 
cryst  (or  cumulus)  status  before  the 
overall  magma  composition  had  ap- 
proached that  of  trachyte,  as  in  the 
syenogabbroic  and  larvikitic  intrusions. 

Preliminary  experiments  were  carried 
out  in  the  internally  heated,  gas-media 
apparatus  (Yoder,  1950).  The  four 
samples  investigated  are  each  believed  to 
represent  relatively  rapidly  quenched 
basic  magma  and  to  be  uncontaminated 
and  unaltered.  Compositions  are  pre- 
sented in  Table  1.  Two,  50033  and 
40452,*  collected  on  Tugtutoq  island,  are 
chilled  facies  of  an  intermittently  lay- 
ered giant  dike  composed  principally  of 
troctolitic  gabbros,  but  also  involving 
(ferro-)  syenogabbroic  and  syenitic 
facies.  The  intrusion  contains  large  in- 
clusions of  anorthosite  suspected  of  hav- 
ing floated  in  the  basaltic  magma. 
Sample  40452  is  from  a  fine-grained 
aphyric    marginal     facies,    and    sample 


*  Numbers  refer  to  collections  of  the  Green- 
land Geological  Survey.  The  author  is  grateful 
to  the  director  of  the  Survey  for  permission  to 
work  on  these  materials  and  to  publish  research 
results. 
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50033  is  a  chilled  facies  carrying  glomer- 
oporphyritic  aggregates  of  calcic  labra- 
dorite  and  olivine.  The  material  used  in 
the  experiments  (denoted  50033*)  is  the 
fine-grained  matrix  of  this  rock,  after 
removal  of  the  phenocrysts.  Sample 
86120  is  a  chilled  marginal  facies  of  the 
giant    composite    Hviddal    dike,    which 

TABLE  1.   Chemical  Analyses  and  Norms  of 
Investigated    Rocks 


1 

2 

3 

4 

Analyses 

Si02 

44.41 

45.10 

42.34 

45.2 

A1203 

16.80 

16.36 

15.47 

17.34 

Fe.Oa 

1.97 

1.55 

3.54 

2.33 

FeO 

12.95 

12.30 

11.10 

13.58 

MnO 

0.22 

0.18 

0.17 

0.19 

MgO 

8.26 

6.60 

4.96 

7.51 

CaO 

7.24 

7.93 

9.08 

7.45 

Na20 

3.10 

3.22 

3.53 

3.22 

K20 

0.92 

1.14 

1.52 

0.79 

H20+ 

0.79 

1.98 

0.72 

0.41 

H,0- 

0.07 

TiO> 

2.44 

2.66 

4.59 

2.74 

P20, 

0.65 

0.85 

2.50 

0.30 

F 

0.06 

CI 

0.02 

0.006 

s 

0.05 
100.07 

O  for  S 

0.02 
100.05 

Totals 

99.87 

99.52 

101.13 

Norms 

Or 

5.5 

6.7 

9.0 

4.7 

Ab 

23.6 

25.7 

26.2 

24.9 

An 

29.2 

26.8 

21.9 

30.5 

Ne 

1.4 

0.8 

2.0 

1.3 

Di 

2.8 

5.9 

5.6 

3.7 

01 

27.7 

22.7 

14.5 

26.3 

11 

4.6 

5.1 

8.7 

5.2 

Mt 

2.8 

2.3 

5.1 

3.4 

Ap 

1.5 

2.0 

5.8 

0.7 

1.  40452:  Fine-grained  marginal  facies,  giant 
dike,  western  Tugtutoq.  Analyst  R.  Solli  (Up- 
ton, 1964). 

2.  50033*:  Fine-grained  marginal  facies  (sep- 
arated matrix,  minus  phenocrysts),  giant  dike, 
eastern  Tugtutoq.  Analyst  B.  I.  Borgen  (Watt, 
1966). 

3.  86120:  Chilled  marginal  facies  of  the 
Hviddal  composite  giant  dike,  central  Tugtutoq. 
Analyst  I.  S0rensen. 

4.  86186:  Troctolitic  gabbro.  Ring-dike,  west- 
ern Kiingnat  Fjeld.  Analysts  S.  A.  Malik,  D.  A. 
Bungard,  J.  M.  C.  Palmer,  and  R.  Macdonald. 


immediately  preceded  the  40452-50033 
troctolitic  gabbro  dike  complex.  It  has 
a  more  alkalic  (syenogabbroic)  composi- 
tion than  40452  and  50033*  and  has  an 
intimate  field  association  with  under- 
saturated  augite  syenites  and  nepheline 
syenites  that  form  the  central  part  of  the 
composite  dike.  In  summary,  86120  may 
be  regarded  as  representative  of  a  nephe- 
line-normative  syenogabbroic  (or  ha- 
waiitic)  magma,  injected  into  an  opening 
dike  fissure,  the  center  of  which  was  to 
become  occupied  by  feldspathoidal  salic 
magma;  40452  and  50033*  are  more 
basic  compositions  representative  of  ba- 
salt magma  injected  into  a  slightly 
younger  subparallel  fissure  immediately 
adjacent  to  the  86120  dike. 

The  fourth  sample,  86186,  is  a  trocto- 
litic gabbro  from  a  basic  ring-dike  at 
Kungnat  Fjeld  (Upton,  1960) ,  where  it  is 
associated  with  augite  syenites,  quartz 
syenites,  and  riebeckite  granites.  Uncon- 
taminated  chilled  facies  are  unobtainable 
but  it  is  believed  that  this  sample,  from 
near  the  center  of  the  ring-dike,  has  a 
bulk  composition  approximating  that  of 
the  magma. 

There  are  geological  grounds  for  sup- 
posing that  some  3-4  km  of  cover  over- 
lay samples  50033,  40452,  and  86120  at 
the  time  of  their  crystallization;  cover 
over  the  Kungnat  Fjeld  ring-dike  may 
have  been  somewhat  greater.  However, 
a  pressure  of  1  kb  was  chosen  for  the 
melting  experiments  as  reasonably  ap- 
proximating conditions  obtaining  during 
their  crystallization.  A  parallel  series 
of  experiments  was  conducted  at  10  kb 
to  investigate  phase  relationships  that 
may  have  pertained  at  upper  mantle 
depths.  Two  runs  were  also  carried  out 
at  5  kb.  Results  of  these  experiments  are 
summarized  in  Fig.  6. 

Finely  crushed  rock  powders,  air-dried 
at  110°C,  were  run  in  sealed  Pt  tubes. 
No  attempt  was  made  to  buffer  the  ex- 
perimental charges  with  respect  to  oxy- 
gen. Run  times  (45-75  minutes)  repre- 
sent a  compromise  to  give  time  sufficient 


GEOPHYSICAL     LABORATORY 


115 


S200 


00 


o 

o 


v  1000 


□ 

Liquid 

CD 

WR 

Crystals 
4- 

^~~ffl 

WB 

liquid          _  _. 

-"  H 

^__ 

Crystals 

m 

m 

50033* 

n 

Liquid              __ 
Crystals 

BB 

B 

4- 

555 

■  J 

liquid 

^"M 

IB 

^  — ' 

■B    -" 

,  --  -"  "     Crystals 

B 

™ 

40452 

Liquid 

CD 

— 

_-  — 

-WD 

P5 

■  '] 

WD 

^5 

IE 
■ 

Crystals 

+ 
liquid 

■5 

■ 

^ 
^ 

V! 

^ 

""      Crystals 

■3. 

^ 

■ 

86186 

□  gi 

E3 

gl+PI+Cpx    BH 

gl  +  ol  +  PI+Cpx 

Q    gl+PI 

■B 

gi  +  ol          HI 

Ol  +  Pl+Cpx 

FH    gl+Cp> 

HI 

gl+ol  +  Pi      d 

Pl  +  Cpx 

10 


Pressure,   kb 


Fig.  6.  P-T  diagram  indicating  principal  phase  relationships   in  three   troctolitic  gabbros  and  a 
syenogabbro  at  1,  5,  and  10  kb. 


for  approximate  equilibration  of  the 
experimental  charges  yet  insufficient  for 
substantial  Fe  loss  to  the  platinum  and 
consequent  oxidation  of  the  charge.  Al- 
though some  modification  of  composition 
is  inevitable,  it  is  believed  unlikely  to 
seriously  modify  the  results  (see  Emslie 
and  Lindsley,  Year  Book  67,  p.  111). 
With  short  run  times  the  charge  is  likely 
to  be  largely  self-buffering,  with  an  oxy- 
gen fugacity  roughly  approximating  that 
dictated  by  a  quartz-fayalite-magnetite 
buffer. 


Melting  Experiments  at  1  kb 

40452  and  50033*.  Both  of  these  sam- 
ples from  the  Tugtutoq  troctolitic  gabbro 
giant-dike  complex  have  olivine  on  the 
liquidus,  joined  after  an  interval  of  10° 
to  50°C  by  plagioclase.  Liquidus  and 
solidus  temperatures  are  1195°  ±  5°C 
and  1062°  ±  12°C  (40452)  and  1182°  ± 
7°C  and  1087°  ±  12°C  (50033*),  i.e., 
crystallization  intervals  lie  within  the 
range  150°-75°C  for  these  two  rocks. 
Although  magnetite  crystallization  ap- 
pears to  follow  olivine  and  plagioclase, 


116 


CARNEGIE     INSTITUTION 


the  significance  of  this  observation  is 
open  to  doubt  in  view  of  the  unbuffered 
procedure  used.  Clinopyroxene  is  not 
detectable  until  at  or  very  slightly  above 
the  solidus.  The  experiments  therefore 
suggest  intrusion  of  the  dike  magmas  at 
temperatures  in  the  range  1160°— 1125°  C 
when  the  liquid  composition  lay  on  an 
olivine-plagioclase  cotectic  surface  in  the 
polydimensional  "natural  system."  Fur- 
thermore, these  marginal  facies  of  the 
dike  would  have  been  solid  by  approxi- 
mately 1050°C.  The  order  of  appearance 
of  the  major  crystal  phases,  deduced 
from  the  experiments — (1)  olivine,  (2) 
plagioclase,  (3)  (magnetite) ,  (4)  clino- 
pyroxene— is  in  accord  with  the  peno- 
logical interpretation  and  suggests  the 
possibility  that  some  olivine  (±  plagio- 
clase) fractionation  may  have  modified 
the  magma  composition  prior  to  its  rapid 
chilling  to  form  these  fine-grained  mar- 
ginal rocks. 

86120.  This  sample  of  the  chilled  mar- 
gin of  the  Hviddal  giant  dike  represents 
a  rapidly  cooled  hawaiitic  magma  that 
may  have  been  directly  parental  to  the 
trachytes  and  phonolites  that  produced 
the  coarse-grained  feldspathoidal  sye- 
nites of  the  center  part  of  the  dike.  The 
liquidus  lies  at  1162°  ±  12°C,  with  pla- 
gioclase as  the  first  phase,  joined  by  oli- 
vine (and  magnetite)  at  1125°  ±  25°C. 
By  1050°C  the  assemblage  is  joined  by 
clinopyroxene,  followed  at  1030 °C  by  a 
yellow-brown  pleochroic  mineral  of  rela- 
tively high  positive  relief  (in  a  1.570 
index  oil),  possibly  pseudobrookite.  At 
1015°C  biotite  also  is  clearly  present,  to- 
gether with  the  phases  already  listed. 
The  solidus  of  this  rock  lies  between 
990°  and  965°C,  and  there  is  obviously 
a  need  for  microprobe  analysis  of  the 
interstitial  glasses  in  the  runs  at  lower 
temperatures  to  see  whether  they  have 
compositions  comparable  to  those  of  the 
syenites  and  nepheline  syenites  forming 
the  central  part  of  the  dike.  The  appear- 
ance of  plagioclase  in  place  of  olivine  at 
the  liquidus  (as  in  the  younger  and  more 


basic  compositions,  40452  and  50033*)  is 
a  further  illustration  of  the  finding  of 
Tilley,  Yoder,  and  Schairer  {Year  Book 
64,  pp.  79—80)  that  olivine  gives  way  to 
plagioclase  on  the  liquidus  in  a  progres- 
sion from  alkali  olivine  basalt  to  inter- 
mediate members  of  the  alkali  series. 

86186.  Olivine  is  again  the  liquidus 
phase  (1195°  ±  5°C),  joined  after  a 
narrow  temperature  interval  by  plagio- 
clase. Clinopyroxene  is  seen  at  1087°  ± 
12°C  and  in  a  run  at  1030 °C  the  yellow- 
brown  (pseudobrookite?)  phase  appears 
that  was  also  noted  near  the  solidus  of 
86120. 

The  implication  of  these  results  is  that 
the  magma  compositions,  indicated  by 
all  four  samples,  lay  close  to  the  low- 
pressure  plagioclase-olivine-liquid  equi- 
libria in  the  natural  iron-  and  alkali-rich 
system,  joined  after  a  substantial  tem- 
perature interval  by  clinopyroxene.  The 
determined  liquidi  lie  close  to  those  of 
Hawaiian  and  Hebridean  alkali  rocks 
showing  comparable  degrees  of  iron  en- 
richment (Tilley,  Yoder,  and  Schairer, 
Year  Book  64,  pp.  72-73) ,  despite  the 
fact  that  the  latter  were  determined  at 
1  atm. 

Melting  Experiments  at  10  kb 

Yoder  and  Tilley  (1962)  and  Tilley 
and  Yoder  {Year  Book  63,  pp.  114-121) 
presented  evidence  indicating  that  there 
is  a  pressure  range  (approximately  10—20 
kb)  within  which  basaltic  evolution  is 
dominated  by  fractionation  of  Al-rich 
clinopyroxene.  This  concept  of  a  py- 
roxenite  stage  of  fractionation  has  since 
been  confirmed  by  the  experiments  of 
Green  and  Ringwood  (1967)  on  basalts 
in  the  13—18  kb  range.  Similarly  Emslie 
and  Lindsley  (Year  Book  67)  found  that 
for  the  Michikamau  chilled  margin, 
plagioclase  was  replaced  as  the  liquidus 
phase  by  clinopyroxene  at  pressures 
greater  than  12  kb. 

The  experiments  on  the  south  Green- 
land compositions  show  that  clinopyrox- 
ene replaces  olivine  on  the  liquidus  at  10 
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kb  for  samples  40452  and  50033*  and  is 
followed  by  plagioclase  precipitation. 
Olivine  was  tentatively  identified  as  the 
third  silicate  phase  in  40452  but  was  not 
identified  in  any  of  the  run  products  of 
50033*.  Thus  it  appears  that  the  olivine 
primary  phase  volume  in  the  natural 
polydimensional  system  is  drastically  re- 
duced by  reaction  with  liquid  during  the 
tenfold  pressure  increase  and  that  the 
clinopyroxene  primary  phase  volume  has 
undergone  a  complementary  inflation. 
The  stage  at  which  potential  clino- 
pyroxenite  fractionation  can  occur  from 
these  giant-dike  magma  compositions 
evidently  persists  to  pressures  lower  than 
10  kb  but  higher  than  5  kb. 

Sample  86120  retains  plagioclase  as 
the  liquidus  phase  at  10  kb,  followed  by 
(1)  clinopyroxene  and  (2)  olivine.  Bio- 
tite  appears  between  1175°  and  1150°C, 
and  apatite  and  pseudobrookite  (?)  ap- 
pear in  a  run  at  1100°C.  Amphibole  is 
present  in  the  products  of  a  1075 °C  run. 
The  solidus  lies  between  1100°  and 
1075°C. 

Sample  86186  acquires  both  plagio- 
clase and  clinopyroxene  at  near-liquidus 
temperatures.  Olivine  is  the  third  prin- 
cipal silicate  to  crystallize,  followed  at 
near-solidus  temperatures  by  biotite. 

Orthopyroxene  was  not  identified  in 
any  of  the  runs.  Opaque  octahedra,  pre- 
sumably Ti  magnetite,  present  in  most 
of  the  1-kb  experiments,  are  notably 
absent  in  the  10-kb  experiments. 

Discussion  and  Application  of  Results 

In  all  four  compositions  studied  the 
crystallization  interval  tends  to  diminish 
with  rising  pressure.  The  narrowest  in- 
terval is  that  of  50033*  (^  100°  at  1  kb 
and  ^  70°  at  10  kb)  ;  the  broadest  is 
that  of  86120  (^  185°  at  1  kb  and  — 
150°  at  10  kb). 

Since  virtually  nothing  is  known  of  the 
extent  of  crystal  fractionation  (or  other 
processes  tending  to  change  these  magma 
compositions)  during  ascent,  it  is  not 
known  to  what  degree  the  compositions 


under  investigation  resemble  the  magmas 
that  existed  at  depths  corresponding  to 
pressures  of  10  kb.  However,  if  we  as- 
sume that  magma  ascent  was  so  rapid 
that  fractionation  accomplished  during 
uprise  through  the  crust  was  slight  and 
that  therefore  the  liquids  of  these  com- 
positions existed  at  subcrustal  depths 
during  the  Gardar  events,  then  the  ex- 
periments indicate  that  clinopyroxene 
fractionation  could  have  been  of  great 
petrogenetic  importance  in  these  high- 
pressure  environments. 

Green  and  Ringwood  (19676)  pointed 
out  that  high-pressure  fractionation  of 
clinopyroxene  alone  will  result  in  low- 
ering CaO  content  of  residual  liquids  and 
an  atypical  basalt  chemistry.  The  rela- 
tively low  Ca  and  normative  diopside  in 
the  south  Greenland  basalts  are  com- 
patible with  this  idea.  If,  as  is  likely,  the 
precipitating  pyroxene  is  less  aluminous 
than  the  liquid,  pyroxene  fractionation 
will  not  only  lead  to  rise  of  alkalies  and 
Na/Ca  ratios  but  will  also  result  in  a 
relatively  highly  aluminous  residuum 
(Emslie  and  Lindsley,  Year  Book  67) . 

Emslie  (Year  Book  69)  argued  by 
analogy  with  effects  in  the  system 
AbeoAn40-Di-En  that  pressure-fall  during 
ascent  could  entail  large-scale  separation 
of  plagioclase  (and  hence  the  possibility 
of  anorthosite  development) ,  since  the 
high-pressure  cotectic  (Plag-Enss-Diss) 
lies  within  the  low-pressure  plagioclase 
stability  field  (Year  Book  69,  p.  150,  Fig. 
4).  Although  the  samples  under  consid- 
eration are  nepheline-normative  and 
therefore  not  directly  analogous  to  the 
tholeiitic  rocks  with  which  Emslie  was 
concerned,  a  generally  comparable  situa- 
tion may  have  arisen.  Clinopyroxene 
fractionation  at  depth  could  have  pro- 
duced high-alumina  magmas  with  rela- 
tively high  Na/Ca  contents.  Expansion 
of  the  plagioclase  (and  olivine)  stability 
fields  at  lower  pressures  could  then  have 
led  to  anorthosite  fractionation.  Textures 
of  layered  anorthosite  inclusions  in  the 
40452-50033  giant  dike  indicate  plagio- 
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clase  crystallization,  followed  by  olivine, 
and  then  by  subordinate  clinopyroxene. 
In  order  to  produce  an  anorthositic  cu- 
mulate a  magma  must  have  plagioclase 
as  the  liquidus  phase;  this  requirement  is 
met  by  sample  86120  at  1  and  10  kb. 
However,  the  giant  dikes  (represented 
by  40452  and  50033*)— which  contain 
anorthosite  inclusions — are  ineligible  for 
consideration  as  parent  magmas  for  the 
anorthosite,  as  is  86186,  since  they  have 
either  olivine  or  clinopyroxene  as  liqui- 
dus phase  at  pressures  up  to  10  kb. 
Nonetheless  these  two  compositions  may 
well  represent  relatively  primitive 
magma  in  which  high-pressure  clino- 
pyroxene fractionation  was  less  pro- 
nounced than  in  earlier  magma  batches 
that  had  experienced  more  leisurely 
ascent  and  from  which  plagioclase  accu- 
mulation leading  to  anorthosite  forma- 
tion had  taken  place.  It  is  concluded 
therefore  that  40452  and  50033*  com- 
positions are  those  of  relatively  unfrac- 
tionated  magma  that  ascended  through 
previously  solidified  anorthosite  and  in 
which  detached  blocks  of  the  latter  were 
borne  to  near-surface  levels.  The  plagio- 
clase of  the  anorthosite  inclusions 
(An66-65)  is  distinctly  more  sodic  than 
the  plagioclase  cores  of  the  host  troc- 
tolitic  gabbro  (•-*-  An72).  This  difference 
is  explicable  partly  in  terms  of  Na/Ca 
enrichment  in  the  anorthosite  parent 
magma  due  to  clinopyroxene  fractiona- 
tion and  partly  in  terms  of  the  increase 
in  Na/Ca  of  the  feldspar  in  equilibrium 
with  basic  magma  as  a  function  of  higher 
pressure  (c/.  Green,  1968). 

From  consideration  of  An-Ab-Or-H20, 
Yoder  (1968)  suggested  that  pla- 
gioclase may  be  fractionated  from  a 
liquid  greatly  enriched  in  alkali  feldspar. 
Accumulation  of  the  plagioclase  (as 
anorthosite)  can  then  leave  alkali-rich 
residual  liquids  for  the  formation  of 
syenitic  or  mangeritic  rocks.  It  could 
well  be  that  the  hawaiitic  (and  tra- 
chytic?)  magmas  of  the  Gardar  province 


are    the    residua    left   after    anorthosite 
separation  deep  in  the  crust. 

Chromium  in  Silicate-Oxide  Systems 

J.  S.  Dickey,  Jr.,  H.  S.  Yoder,  Jr.,  and 
J.  F.  Schairer 

The  chemistry  of  chromium  in  silicate- 
oxide  systems  is  of  considerable  interest 
to  igneous  petrologists.  Although  it  is 
only  a  minor  constituent  of  most  igneous 
rocks,  Cr  enters  spinel,  clinopyroxene, 
amphibole,  and  garnet,  which  are  critical 
phases  in  petrogenesis.  In  order  to  un- 
derstand these  petrogenetic  indicators  an 
investigation  of  the  phase  relations  of 
Cr-bearing  silicate-oxide  systems  has 
been  undertaken.  Last  year  Yoder  and 
Kullerud  (Year  Book  69,  p.  155)  re- 
ported on  the  clinopyroxene,  kosmochlor 
(NaCrSioOo) ,  which  they  synthesized 
hydrotherapy  at  500°,  600°,  and  700°C 
and  at  2  kb.  Preliminary  experiments  in 
the  system  CaO-MgO-Cr208-Al203-Si02 
are  now  reported. 

Chromian  Diopside 

In  addition  to  the  kosmochlor-type 
substitution,  clinopyroxenes  can  incorpo- 
rate Cr  by  a  mixed  Tschermak-type 
substitution:  Cr3+  +  (Al3+,Fe3+)  = 
(Mg2+,Fe2+)  +  Si4+.  The  coupling  of 
Cr3+  with  a  smaller  trivalent  cation  is 
required  because,  to  the  best  of  our 
knowledge,  Cr3+  does  not  assume  tetrahe- 
dral  coordination  with  oxygen  (Shan- 
non and  Prewitt,  1969) .  Clinopyroxenes 
have  been  synthesized  from  glasses  of 
their  own  compositions  near  diopside 
on  the  join  CaMgSi206-CaCr(AlSi)06 
(CrCATS).  Because  of  the  primary  in- 
terest in  natural  chromian  diopside  and 
the  difficulty  of  obtaining  spinel-free 
starting  materials  for  CrCATS-rich  com- 
positions, only  the  interval  from  diopside 
to  Di80CrCATS2o  was  investigated.  The 
concentrations  of  Cr203  in  the  interval 
from  diopside  to  Di90CrCATSi0  (0.0  to 
3.1  wt  %)   span  the  range  observed  in 
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natural  chromian  diopsides.  The  glasses 
used  in  these  experiments  were  prepared 
by  fusing  Si02,  A1203,  Cr203,  MgO,  and 
CaC03  in  covered  platinum  crucibles  in 
air.  Before  fusion  the  mixed  powders 
were  sintered  for  several  hours  at  1000  °C 
to  decompose  the  carbonate  and  drive  off 
the  COo.  The  powders  were  then  fused 
at  temperatures  ranging  from  1450°  to 
1725°C  and  quenched  in  a  water  bath. 
These  glasses,  containing  2  to  nearly  20 
wt  %  CrCATS,  range  in  color  from  apple 
green  to  deep  forest  green. 

Because  of  the  several  valence  states 
of  chromium  (2+,  3+,  6+)  and  the 
high  liquidus  temperatures  of  many  Cr- 
bearing  substances,  experiments  in  this 
system  require  special  precautions.  The 
high  liquidus  temperatures  required  for 
the  preparation  of  starting  glasses  in- 
crease the  possibility  of  material  loss  by 
volatilization  or  solution  in  platinum. 
This  loss  was  partly  overcome  by  using 
short  fusion  times  and  tightly  covering 
the  crucibles.  Fortunately,  the  composi- 
tions and  homogeneity  of  the  glasses 
were  easily  checked  by  microprobe  and 
optical  analyses.  In  high-pressure  hy- 
drothermal  runs,  reactions  between  Cr- 
bearing  charges  and  their  platinum  con- 
tainers are  readily  discernible:  the 
charge  and  the  platinum  are  typically 
separated  by  a  black  crust;  in  some  runs 
this  crust  has  been  identified  by  X-ray 
diffraction  as  Cr02,  which  is  probably  an 
oxidation  product  related  to  the  alloying 
of  Cr  with  Pt  by  the  reaction  2Cr203  + 
Pt  =  Pt-Cr  -+-  3Cr02.  A  more  intriguing 
and  unexpected  problem  involved  the 
appearance,  at  high  temperatures,  of 
blue  diopside.  This  phenomenon,  which 
is  described  below,  suggests  the  possi- 
bility of  unidentified  redox  reactions  in 
our  experiments. 

Quench  furnace  experiments  in  air 
(Fig.  7)  indicate  that  at  1  atm  clino- 
pyroxenes  containing  more  than  3  wt  % 
CrCATS  (0.9  wt  %  Cr203)  melt  incon- 
gruently  to  spinel  +  liquid.  The  spinel 
crystallizes   as   brown   octahedra.    As   a 


quench  phase  the  spinels  tend  to  occur  in 
clusters  and  aggregate  in  chains,  repro- 
ducing the  chain  texture  observed  in 
natural  chromite  deposits.  Under  equi- 
librium conditions  the  spinels  tend  to  be 
more  uniformly  distributed  throughout 
the  charge. 

The  synthetic  spinels  are  Cr-rich; 
many  have  Cr:Al  ratios  (atomic)  as 
high  as  8:1.  Clinopyroxenes  coexisting 
with  spinel  and  liquid  are  more  alumi- 
nous, containing  CATS  (CaAl2SiOe)  and 
enstatite  as  well  as  CrCATS.  Prelimi- 
nary microprobe  data  indicate  that 
above  the  solidus  the  Cr:Al  ratio  of  the 
clinopyroxene  increases  with  decreasing 
temperature.  Below  the  solidus  composi- 
tions with  up  to  10  wt  %  CrCATS  form 
equant  crystals,  which  vary  with  increas- 
ing CrCATS  content  from  pale  pastel 
green  to  a  darker,  bluish  green. 

The  maximum  solubility  of  CrCATS 
in  diopside  at  1200°C,  1  atm,  is  about  14 
wt  %.  At  the  composition  Di8nCrCATS20 
the  subsolidus  assemblage  appears  to  be 
clinopyroxene  -f-  spinel.  Optical  exami- 
nation indicates,  however,  that  at  least 
one  additional  phase,  possibly  es"kolaite 
(Cr203),  may  belong  in  this  subsolidus 
assemblage.  The  data  for  Di80CrCATS20 
are  somewhat  suspect  because  it  has  not 
been  possible,  as  yet,  to  obtain  entirely 
spinel-free  glasses  for  starting  materials. 
Attempts  are  now  being  made  to  synthe- 
size equilibrium  assemblages  for  this  and 
other  compositions  richer  in  CrCATS  by 
sintering  oxide  mixtures. 

Unit  cell  parameters  of  the  synthetic 
chromian  diopsides  were  calculated  by 
the  least-squares  method  of  Burnham 
{Year  Book  61)  with  the  use  of  diffrac- 
tometer  measurements  of  the  311,  330, 
331,  421,  041,  132,  and  150  reflections. 
Because  the  range  of  CrCATS  concentra- 
tions is  small,  the  unit  cell  parameters 
vary  only  slightly.  The  expected  con- 
tractions of  the  a  and  b  edges  caused  by 
the  substitution  of  Cr  for  Mg  and  the  ex- 
tension of  the  c  edge  caused  by  the  sub- 
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Fig.  7.  Temperature-composition  diagram  for  the  diopside-rich  end  of  the  join  CaMgSi206-CaCr 
AlSiOe  at  1  atm  in  air.  Abbreviations  for  phases  encountered :  CPX,  clinopyroxene  solid  solution ; 
SP,  spinel  solid  solution. 


stitution    of    Al    for    Si    were    detected 
(Table  2). 

Blue  Diopside 

Like  all  transition  metals,  chromium 
imbues  its  compounds  with  intense 
colors,  and  for  many  substances  contain- 
ing oxygen-coordinated  chromium  the 
colors  are  characteristic  of  the  oxidation 
state  of  the  chromium:  Cr2+,  blue;  Cr3+, 
green;  Cr6+,  yellow  to  red.    This  simple 


interpretation  of  color  is  probably  valid 
in  the  system  CaO-MgO-Cr203-Al203- 
Si02,  where  chromium  is  the  only  transi- 
tion metal  present,  and  it  appears  to  hold 
for  many  minerals  as  well.  Natural 
chromian  diopsides  are  green  and  are 
presumed  to  contain  predominantly  tri- 
valent  chromium  (Rankama  and  Saha- 
ma,  1950) .  The  same  is  true  of  the  green 
chromian  garnet,  uvarovite,  the  green 
chromian  micas,  fuchsite  and  kammere- 
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TABLE  2.    Unit  Cell  Parameters  of 
Chromian  Diopsides 

Weight  Percentage  CaCrAlSiOe 
2  4  10 


a,  A 

9.747(2) 

9.746(1) 

9.741(1) 

b,  A 

8.925(1) 

8.922(1) 

8.910(1) 

c,  A 

5.252(1) 

5.258(1) 

5.257(1) 

/3,° 

105.86(1) 

105.86(1) 

105.89(1) 

y,A3 

439.4(2) 

439.8(1) 

438.8(1) 

Numbers  in  parentheses  are  standard  devia- 
tions of  the  last  digit.  They  are  indications  of 
precision  only. 

rite,  and  other  less  common  minerals. 
Minerals  containing  hexavalent  chromi- 
um, such  as  the  orange  mineral  crocoite 
(PbCr04),  are  rare  and  generally  re- 
stricted to  low-temperature,  oxidizing 
environments.  Natural  divalent  chro- 
mium is  known  only  from  meteorites, 
where  it  occurs  in  daubreelite  (FeCr2S4), 
and  from  the  moon,  where  it  was  found 
in  blue  olivine  from  a  Tranquillity  Base 
lava  (Haggerty  et  al.,  1970a).  The  pre- 
dominance of  trivalent  chromium  in 
nature  is  corroborated  by  many  experi- 
mental studies  that  show  Cr3+  to  be 
stable  over  a  broad  range  of  conditions. 
In  the  binary  system  Cr-0  (Johnson  and 
Muan,  1968),  for  example,  Cr  metal  is  in 
equilibrium  with  Cr203  at  least  up  to 
1675°C  (1  atm).  It  was  extremely 
puzzling,  therefore,  that  blue  diopside 
was  found  in  many  of  the  experiments. 

Blue  diopside  occurs  commonly  as 
rosettes  of  quench  crystals  that  decorate 
the  surfaces  of  glasses  formed  by  the 
initial  oxide  fusion  and  succeeding  glass 
fusions.  These  crystals  are  bright  blue 
and  contrast  sharply  with  the  green 
glasses.  The  crystals  have  diopside 
X-ray  patterns,  and  those  that  have  been 
analyzed  have  the  same  composition  as 
their  parent  glass.  The  crystals  concen- 
trate at  or  near  the  center  of  the  menis- 
cus and  many  of  them  are  associated 
with  condensed  platinum  crystals.  Above 
the  surface  of  the  glass  the  walls  of  the 
crucible  display  beads  of  blue  crystal- 


line material  as  well  as  rare  droplets  of 
glass.  The  most  spectacular  development 
of  blue  diopside  occurs  when  glasses  are 
not  adequately  quenched.  In  one  experi- 
ment (Di94CrCATS6  at  1670°C)  the  en- 
tire batch  devitrified  during  the  quench 
and  formed  a  vesicular  mass  of  inter- 
grown,  bladed  crystals.  Most  of  these 
quench  crystals  were  green,  but  at  the 
center  of  the  upper  surface  there  was  a 
patch  of  bright  blue  crystals.  Another 
unsuccessful  quench  of  this  glass  pro- 
duced a  continuous  layer  of  blue  diopside 
between  the  platinum  crucible  and  the 
green  glass.  This  blue  layer  contains 
many  vesicles  with  smooth,  glassy  sur- 
faces ;  where  these  vesicles  abut  upon  the 
crucible  wall  the  platinum  is  bright  and 
smooth. 

After  a  satisfactory  quench  the  green 
glasses  were  crushed  and  devitrified  for 
a  day  or  two  in  covered  crucibles  in  air 
at  1200°C.  The  crystalline  product  is 
distinctly  bluish,  though  not  so  bril- 
liantly colored  as  the  quench  crystals. 
The  newly  formed  crystalline  mass  is 
typically  vesicular  and  may  resemble  an 
aggregate  of  minute,  thick-walled  bub- 
bles that  have  ruptured.  This  vesicula- 
tion  is  apparently  associated  only  with 
the  initial  devitrification  and  does  not 
affect  subsequent  crystal  growth.  The 
nature  of  the  gas  phase  is  not  yet  known. 
It  seems  unlikely  to  be  C02  from  the 
original  CaCOs  because  the  glasses  are 
not  vesicular  and  are  fused  at  least  four 
times.  Similarly,  H20  seems  unlikely  to 
be  retained  in  the  glasses  at  such  high 
fusion  temperatures.  A  third  possibility, 
for  which  the  only  evidence  is  the  blue 
color  of  the  charge,  is  oxygen  liberated 
by  an  unidentified  reaction  involving  re- 
duction of  Cr3+  to  Cr2+.  Continued  heat- 
ing diminishes  the  blue  color,  and  after 
15  days  the  crystalline  mass  is  blue- 
green.  These  synthetic  chromian  diop- 
sides, however,  never  attained  the  bril- 
liant green  color  that  distinguishes 
natural  chromian  diopsides. 

The  blue  color  of  these  synthetic  diop- 
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sides  may  indicate  the  presence  of  di- 
valent chromium,  and  optical  absorption 
measurements  are  currently  under  way 
to  determine  the  valence  state  of  the 
chromium  in  these  crystals.  Although 
Cr2+  is  not  stable  in  the  Cr-0  system  be- 
low 1675 °C,  it  does  appear,  combined  as 
Cr304,  if  the  system  is  contaminated  by 
a  trace  of  Fe  (Johnson  and  Muan,  1968) . 
Because  the  present  experiments  involve 
a  complex  system  at  high  temperatures, 
the  possibility  that  Cr2+  formed  is  not 
precluded.  Alternatively,  the  blue  color 
might  be  caused  by  some  imperfection 
in  the  diopside  crystals  that  could  be  an- 
nealed. This  possibility  would  explain 
the  intense  color  of  the  quench  crystals 
and  the  diminished  color  of  crystals  after 
long  periods  of  heating.  It  would  not  ex- 
plain the  coexistence  of  blue  and  green 
quench  crystals  in  the  same  slowly 
quenched  charge. 

Petrological  Speculations 

The  incongruent  melting  of  chromian 
diopside  to  chromian  spinel  -f~  liquid 
that  was  observed  supports  the  view  that 
partial  fusion  of  lherzolite  could  produce 
liquid  +  residual  dunite  or  harzburgite 
with  disseminated  chromite.  Most  du- 
nites  and  harzburgites  believed  to  have 
been  formed  by  partial  fusion  (i.e.,  the 
alpine-type  peridotites,  the  tectonite 
peridotites  of  ophiolite  complexes,  and 
some  volcanic  xenoliths)  typically  con- 
tain disseminated  chromian  spinel. 

Incongruent  partial  fusion  may  bear 
upon  the  origin  of  podiform  chromite  de- 
posits (Thayer,  1956,  1964) ,  which  are 
massive  ore  bodies  found  exclusively  in 
deformed  dunites  or  harzburgites  of  the 
alpine  or  ophiolite  type.  By  incongruent 
partial  fusion  it  would  be  possible  to  re- 
lease Cr  from  the  silicate  minerals  (par- 
ticularly chromian  diopside)  of  mantle 
peridotite  and  yet  physically  restrain  the 
Cr  from  escaping  in  the  newly  formed 
liquids.  Although  incongruent  partial 
fusion  can  account  for  the  retention  of 
chromium  in  residual  dunites  and  harz- 


burgites, it  does  not  explain  the  concen- 
tration of  the  ore.  Some  other  mechanism 
would  be  required  to  transport  the 
chromium  and  concentrate  it  as  chromite 
in  massive  pods  and  pipes,  some  of  which 
contain  hundreds  of  thousands  of  tons 
of  ore. 

Diopside-Pyrope  at  FH2o  =  5  kb  and 
Its  Bearing  on  Spinel  Problems 

H.  S.  Yoder,  Jr.,  and  J.  S.  Dickey,  Jr. 

The  join  diopside-pyrope  traverses  the 
petrologically  significant  region  of  the 
CaO-MgO-Al203-Si02  (CMAS)  system. 
Some  of  the  assemblages  penetrated  at 
1  atm  (O'Hara  and  Schairer,  Year  Book 
62,  p.  107)  bear  on  the  origin  of  olivine 
tholeiites.  Those  assemblages  penetrated 
at  PH2o  =  10  kb  (Yoder,  Year  Book  69, 
p.  178)  contribute  to  an  understanding  of 
a  wide  range  of  metamorphic  rocks  and 
the  melting  of  spinel  peridotite.  Studies 
of  the  join  at  30  kb  pressure  (O'Hara 
and  Yoder,  1967,  p.  74)  were  pertinent  to 
the  eclogites.  Present  interest  in  the  join 
at  a  relatively  moderate  pressure  arose 
from  the  contrast  in  spinel  relations  at  1 
and  10  kb  (Fig.  8). 

Al203 


CaO 


Fig.  8.  The  CaO-MgO-Al203-Si02  (CMAS) 
system  showing  the  location  of  the  investigated 
join  diopside  (Di)-pyrope  (Py)  and  the  rele- 
vant subtetrahedra  stable  below  the  solidus.  The 
issue  is  whether  or  not  the  plane  anorthite 
(An)-enstatite  (En)-forsterite  (Fo),  allowing 
for  solid  solution,  is  a  thermal  barrier.  Cd,  cor- 
dierite;  Sp,  spinel. 
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Fig.  9.  Flow  sheet  for  a  portion  of  CMAS  at  1  atm  (Schairer  and  Yoder,  Year  Book  68,  p.  212). 
Abbreviations  as  in  Fig.  8. 


Studies  of  natural  occurrences  of  chro- 
mite  yielded  the  significant  observation 
that  the  chromium-rich  spinels  of  lay- 
ered intrusives  were  associated  with 
cumulus  olivine,  orthopyroxene,  and 
plagioclase,  but  only  very  rarely  found 
with  clinopyroxene.  It  was  apparent  that 
some  reaction  relations  must  take  place 
between  chromium  spinel  and  magma 
prior  to  the  appearance  of  clinopyroxene, 
which  usually  appears  later  in  the  crys- 
tallization sequence. 

The  flow  sheet  of  the  CMAS  system 
(Schairer  and  Yoder,  Year  Book  68,  p. 
212),  based  on  the  study  of  many  joins, 
illustrates  the  association  of  clinopyrox- 
ene and  spinel  at  1  atm.  The  relevant 
invariant  points  are  shown  in  Fig.  9. 
Where  diopside  and  spinel  are  stable,  en- 
statite  is  absent;  where  anorthite,  for- 
sterite,  and  enstatite  are  present,  spinel 


is  absent.  At  Ph2o  =  10  kb  the  relevant 
part  of  the  flow  sheet  (Fig.  10)  becomes 
simplified  because  of  the  destruction  of 
the  An-Fo  join  above  about  7  kb  (see 
Kushiro  and  Yoder,  1966;  Yoder,  Year 
Book  65,  p.  276).  From  the  work  of 
Fawcett  and  Yoder  (1966)  it  was  evi- 
dent that  some  intermediate  changes  in 
the  flow  sheet  were  necessary  with  in- 
creasing pressure  because  of  the  reaction 
Fo  +  Cord  ->  En  +  Sp  at  about  3  kb. 
The  predicted  flow  sheet  at  5  kb,  roughly 
halfway  between  the  two  major  pressure 
changes,  is  displayed  in  Fig.  11.  Particu- 
larly exciting  was  the  prospect  of  a 
spinel  reaction  relationship  at  F  which 
would  provide  a  path  to  D.  The  phases 
important  to  layered  intrusives  were  in- 
volved at  points  D  and  F  in  spite  of  the 
absence  of  Cr203. 

The  join  that  separates  D  and  F  is  An- 
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Fig.  10.   Flow  sheet  for  a  portion  of  CMAS  at  Ph2o  =  10  kb  (derived  from  data  of  Yoder,  Year 
Book  69,  p.  178). 
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Fig.  11.  Predicted  flow  sheet  for  a  portion  of  CM  AS  at  Pu2o  =  5  kb. 


Fo-En  and  that  join  is  pierced  through 
An44.9En32.4Fo22.7  (wt  %)  by  diopside- 
pyrope  at  Di34.9Py65.i.  Study  of  the  Di- 
Py-H20  join  at  5  kb  was  therefore  un- 
dertaken in  internally  heated,  gas-media 
apparatus  (Yoder,  1950).  The  interpre- 
tation of  the  runs  is  displayed  in  Fig.  12. 
The  nature  of  the  assemblages  at  D  and 


F  was  verified,  and  their  respective  melt- 
ing temperatures  were  found  to  be  about 
1010°  ±  5°C  and  1015°  ±  5°C.  The 
breadth  of  the  En  +  An  +  Fo  region  is 
a  reflection  primarily  of  the  alumina 
solid  solution  in  enstatite.  The  reaction 
relationships  would  appear  at  first  glance 
to  be  based  on  one  run;  however,  reiter- 
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Fig.   12.   Temperature-composition  diagram  for  a  portion  of  the  system  diopside-pyrope  at  Pn2o 
--  5  kb.   At  this  pressure  the  pyrope  composition  crystallizes  to  En  +  Sp  +  Cd. 
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ated  runs  clearly  define  the  temperatures 
of  the  two  invariant  points,  and  the 
nature  of  the  An  +  Fo  +  L  +  G  field 
rules  out  a  thermal  maximum,  as  dis- 
played at  1  atm.  The  curvature  of  the 
boundary  between  An  -J-  Fo  +  L  +  G 
and  An  +  Fo  +  Sp  +  L  +  G  no  doubt 
reflects  the  reaction  relation.  The  ana- 
logue in  the  ternary  system  An-Fo-Di 
(Osborn  and  Tait,  1952)  at  1  atm  is  the 
invariant  point  An  -\-  Fo  +  Sp  +  L. 

The  incompatibility  of  diopside  and 
spinel  displayed  at  PH2o  =  5  kb  is  prob- 
ably realized  over  the  pressure  range  3 
to  7  kb.  Layered  intrusives  are  most 
likely  emplaced  at  depths  equivalent  to 
pressures  less  than  7  kb,  and  it  is  con- 
tended that  Cr^O.s  and  FeO  will  not 
destroy,  but  will  probably  enhance,  the 
reaction  relationship.  Whether  or  not 
there  is  a  sufficient  interval  of  tempera- 
ture to  produce  such  an  efficient  and  per- 
vasive phenomenon  is  yet  to  be  demon- 
strated. It  should  be  noted  that  the  join 
diopside-spinel  is  stable  in  this  range  of 
conditions  for  other  compositions  (e.g., 
assemblage  A  in  Fig.  11).  Emphasis  is 
placed  on  those  relevant  compositions  in 
which  diopside  and  spinel  are  incom- 
patible. It  is  concluded,  therefore,  that 
hypersthene-normative  layered  intru- 
sions would  be  expected  to  precipitate 
chromite  prior  to  the  appearance  of  a 
clinopyroxene. 

Reconnaissance  Experiments  with 
Compositions  on  the  Join 

Fs85En15-WOLLASTONITE    IN    THE 

Pyroxene  Quadrilateral 

Douglas  Smith 

Assemblages  of  iron-rich  pyroxenes 
and  olivine  coexisting  with  silica  will  be 
useful  as  both  geologic  thermometers  and 
barometers.  Compositions  of  iron-rich 
pairs  of  calcium-rich  and  calcium-poor 
pyroxenes  are  sufficiently  sensitive  to 
temperature  of  equilibration  to  be  useful 
in  geothermometry  (e.g.,  Year  Book  69, 
pp.  285-290)  ;  cell  volume  data  suggest 


that  the  clinopyroxene  miscibility  gap 
will  be  affected  only  slightly  by  pressure 
(Smith  and  Finger,  this  report,  pp.  129- 
130).  In  contrast,  compositions  of  cal- 
cium-poor pyroxene  and  olivine  coexist- 
ing together  with  silica  are  relatively 
sensitive  to  pressure  (Smith,  1971). 
Neither  the  temperature-sensitive  two- 
pyroxene  equilibrium  nor  the  pressure- 
sensitive  pyroxene-olivine-quartz  equi- 
librium has  been  calibrated  for  synthetic 
iron-rich  phases  containing  both  calcium 
and  magnesium.  Lindsley  and  Munoz 
(1969)  have  reported  experimental  re- 
sults on  the  magnesium-free  heden- 
bergite-ferrosilite  boundary  of  the  py- 
roxene quadrilateral.  An  experimental 
study  of  the  calcium-free  assemblage 
orthopyroxene-olivine-silica  has  been 
published  by  Smith  (1971).  The  data 
reported  below  were  designed  to  extend 
these  experimental  results  to  iron-rich 
compositions  in  the  system  CaO-"FeO"- 
MgO-Si02. 

Experiments  were  made  with  composi- 
tions on  the  portion  of  the  join  FsgsEnis- 
wollastonite  within  the  pyroxene  quad- 
rilateral. Results  at  high  pressure  may 
be  used  to  define  the  clinopyroxene 
miscibility  gap  and  orthopyroxene-clino- 
pyroxene  transition  loop.  Compositions 
of  several  pyroxene  pairs  from  rocks 
associated  with  the  Nain,  Labrador, 
anorthosite  complex  plot  near  this  join 
(Smith,  Year  Book  69,  Figs.  77,  79)  ;  tie 
lines  connecting  these  pairs  are  nearly 
parallel  to  the  join,  indicating  that  sub- 
solidus  pyroxene  phase  relations  along 
it  will  be  approximately  binary.  Cal- 
cium-poor compositions  lie  within  the 
"forbidden  zone"  of  the  pyroxene  quad- 
rilateral (Lindsley  and  Munoz,  1969; 
Smith,  1971),  an  area  in  which  pyroxenes 
are  not  stable  at  low  pressure  relative  to 
assemblages  of  olivine,  silica,  and  more 
calcic  pyroxene.  Experiments  at  low 
pressure  can  be  used  to  evaluate  the  ex- 
tent of  the  "forbidden  zone"  and  the 
effects  of  calcium  on  the  pyroxene- 
olivine-quartz  geobarometer.  Finally,  the 
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composition  of  magnesian  pyroxferroite 
in  lunar  rocks  (Smith  and  Finger,  this 
report,  pp.  133-134)  plots  on  this  join. 

Clinopyroxenes  were  synthesized  as 
starting  materials  for  the  experiments 
from  oxide  mixes:  the  mixes  were  wrap- 
ped in  Ag80Pd2o  foil  and  reacted  at  tem- 
peratures near  1000  °C  in  C02-H2  gas 
mixtures  at  oxygen  fugacities  below 
those  of  the  wustite-magnetite  buffer. 
These  products  were  then  packed  in 
silver  capsules  and  reacted  hydrother- 
mally  at  temperatures  of  925°— 950° C 
and  pressures  of  20-21  kb  in  a  solid- 
media,  piston-cylinder  apparatus  for  2  to 
5  hours.  Lindsley  and  Munoz  (1969) 
established  that  there  is  generally  no 
appreciable  oxidation  of  pyroxene  in 
such  experiments,  but  the  synthesized 
pyroxenes  and  reaction  products  may 
contain  minor  ferric  iron.  Four  single- 
phase  clinopyroxenes  (Wo5oEn7.5Fs42.r>, 
Wo85En9.75Fsr>5.25,Wo25En11.25Fs63.7r),  and 
W015En12.75Fs70.25,  molecular  propor- 
tions) and  orthopyroxene  (Wo0Enir)Fs8r>) 
were  made.  Material  of  bulk  composition 
WoioEn3i.5Fs58.5  was  clinopyroxene  with 
a  barely  discernible  trace  of  orthopyrox- 
ene. These  six  compositions  and  others 
near  or  on  the  join  henceforth  will  be 
labeled  by  their  wollastonite  contents. 
X-ray  data  for  the  200,  221,  310,  and  311 
reflections  from  the  synthetic  clinopy- 
roxene powders  were  used  to  construct 
determinative  curves  for  wollastonite 
content  of  experimental  products;  their 
compositions  were  assumed  to  lie  on  the 
join  as  a  first  approximation.  The  200 
reflection  was  found  most  useful  in  mix- 
tures of  two  clinopyroxenes. 

All  peaks  in  the  diffractometer  traces 
of  clinopyroxene  powders  were  consistent 
with  02/ c  (augite)  symmetry,  even  for 
Ca-poor  clinopyroxenes,  though  the  traces 
were  carefully  examined  for  peaks  diag- 
nostic of  a  P2i/c  (pigeonite)  space 
group.  These  diagnostic  reflections  may 
have  been  too  weak  to  observe.  All  the 
clinopyroxenes,  however,  presumably 
had  the  same  02/ c  structure  at  the  tem- 


peratures of  the  experiments  reported 
here,  since  a  transition  from  P2i/c  to 
02/ c  symmetry  with  rising  temperature 
has  recently  been  documented  for  sev- 
eral iron-rich  pyroxenes.  Prewitt, 
Papike,  and  Bence  (1970)  reported  that 
pigeonite  of  approximate  composition 
Wo7En27Fs66  inverted  to  a  02/ c  struc- 
ture at  about  570°C;  Smyth  (1969)  ap- 
parently observed  the  transition  between 
700°  and  800  °C  for  clinopyroxene 
WooEn30Fs7o. 

Experiments  at  High  Pressure: 
Pyroxene  Equilibria 

Pyroxene  phase  relations  were  studied 
in  a  solid-media,  piston-cylinder  appara- 
tus at  15—16  kb,  a  pressure  range  suf- 
ficiently high  to  stabilize  these  silicates 
with  respect  to  assemblages  containing 
olivine  and  silica.  Experiments  were 
hydrothermal  and  were  made  in  silver 
capsules  in  the  temperature  interval 
850°-950°C.  Both  homogenization  and 
unmixing  experiments  with  pyroxenes  at 
these  temperatures  require  several  days 
for  appreciable  reaction  to  occur. 

The  synthesis  of  a  single-phase  clino- 
pyroxene of  Wo25  composition  at  950  °C 
suggests  that  this  composition  and  tem- 
perature lie  within  a  one-phase  field. 
In  a  900  °C  experiment  Wo25  clinopyrox- 
ene unmixed  to  slightly  more  and  less 
calcic  clinopyroxenes,  as  shown  by  X-ray 
diffraction  data;  compositions  could  not 
be  determined.  At  875 °C  the  Wo25 
clinopyroxene  unmixed  to  Ca-poor  and 
Ca-rich  clinopyroxenes  of  approximately 
Woi7  and  Wo3i  composition  (Fig.  13A, 
B ) .  A  mixture  of  nearly  equal  propor- 
tions of  W015  and  Woh->  clinopyroxene  was 
held  at  945 °C  for  6  days;  the  mixture 
was  almost  completely  homogenized 
(Fig.  13C,  D).  These  experimental  re- 
sults strongly  suggest  that  (1)  the  clino- 
pyroxene miscibility  gap  on  this  join  is 
approximately  symmetrical  at  high  tem- 
perature about  the  Wo2s  composition, 
and  (2)  the  critical  temperature  for  un- 
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Fig.  13.  Diffractometer  traces  of  the  (200)  re- 
flections of  starting  materials  and  products  of 
selected  experiments  outlining  the  clinopyrox- 
ene  miscibility  gap.  CuKa  radiation.  (A)  Single- 
phase  clinopyroxene,  W025Enn.25Fso3.-5.  (B) 
Products  of  an  experiment  at  875  °C  and  15  kb 
for  5  days,  starting  with  Wo-.-,  clinopyroxene. 
Approximate  wollastonite  contents  of  the  two 
clinopyroxenes  present  are  W017  and  Wo3i.  (C) 
Mixture  of  two  clinopyroxenes  (W015En12.75Fs72.25 
and  Woi-,Eni,.7-Fs.-,.-,.i-)  in  approximately  equal 
proportions,  used  as  a  starting  material.  (D) 
Product  of  a  homogenization  experiment  at 
945 °C  and  16  kb  for  6  days,  starting  with  the 
clinopyroxene  mixture  illustrated  by  the  diffrac- 
tometer trace  shown  in  (C).  Homogenization 
was  not  complete,  as  shown  by  the  width  of  the 
(200)  peak  and  by  examination  of  other  reflec- 
tions. 


mixing  lies  between  900°  and  950 °C  at 
15  kb. 

The  critical  temperature  for  the  clino- 
pyroxene miscibility  gap  has  not  been 
defined  previously  by  direct  experiments 
with  synthetic  phases  in  the  system 
CaSi(VMgSi03-FeSi03.  Experiments  by 
Kushiro  (1969a)  indicate  that  this  criti- 
cal temperature  must  exceed  1650°C  at 
20  kb  on  the  enstatite-diopside  join.  The 
decrease  with  iron  enrichment  from  a 
temperature  greater  than  1650 °C  to  a 
value  in  the  900°-950°C  interval  defined 
here  is  consistent  with  the  phase  relations 
in  the  pyroxene  quadrilateral  long  in- 
ferred by  petrologists  from  observations 
of  natural  pyroxene  assemblages  (e.g., 
Barth,  1951).  Lindsley  and  Munoz 
(1969)  did  not  observe  a  two-clinopyrox- 


ene  field  on  the  hedenbergite-ferrosilite 
join;  they  did  observe  an  inflection  in  the 
clinopyroxene  boundary  curve  of  a  clino- 
pyroxene-orthopyroxene  transition  loop, 
however,  and  they  advanced  two  possible 
explanations  for  the  inflection.  Their 
preferred  interpretation  implied  that  the 
critical  temperature  of  the  clinopyroxene 
miscibility  gap  was  about  870  °C  at  20 
kb  on  the  boundary  join.  The  results  ob- 
tained here  support  this  interpretation. 
Turnock  (1970)  did  not  observe  a  two- 
clinopyroxene  field  in  an  experimental 
study  with  compositions  on  the  join 
Fs6oEn4o-wollastonite,  perhaps  because 
of  the  relatively  short  lengths  of  his 
experiments. 

Subsolidus  phase  relations  of  these 
pyroxenes  at  high  pressure  reflect  two 
major  elements — the  clinopyroxene  mis- 
cibility gap  discussed  above  and  a  clino- 
pyroxene-orthopyroxene  transition  loop. 
Two  experiments  were  made  to  bracket 
the  clinopyroxene  boundary  curve  of  this 
orthopyroxene-clinopyroxene  field  in  the 
interval  900°-915°C.  In  an  experiment 
at  900  °C  with  pyroxene  of  bulk  composi- 
tion Wo10,  the  amount  of  orthopyroxene 
increased  relative  to  the  trace  amount 
present  in  the  starting  material  synthe- 
sized at  950°C;  clinopyroxene  (approxi- 
mately W012)  formed  the  bulk  of  the 
reaction  products.  In  the  second  experi- 
ment clinopyroxene  (W025)  and  ortho- 
pyroxene  (Wo<>)  reacted  at  915°C  to 
yield  less  calcic  clinopyroxene  (approxi- 
mately W013)  and  orthopyroxene.  The 
clinopyroxene  boundary  of  this  two- 
phase  field  therefore  intersects  the  join 
at  900°-915°C  at  a  composition  of 
approximately  W013. 

At  875  °C  the  W010  starting  material 
reacted  to  yield  major  orthopyroxene  to- 
gether with  clinopyroxene  of  approxi- 
mately W030  composition.  The  calcic 
clinopyroxene  formed  in  this  experiment 
lies  within  the  clinopyroxene  miscibility 
gap  outlined  above,  indicating  that  at  or 
above  875°C  the  calcic  boundary  of  the 
orthopyroxene-clinopyroxene    field    must 
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have  intersected  the  clinopyroxene 
solvus.  The  intersection  implies  that  a 
three-phase  assemblage  of  orthopyrox- 
ene, calcium-poor  clinopyroxene,  and 
calcium-rich  clinopyroxene  will  be  stable 
in  a  small  temperature  interval  at  or 
above  875 °C;  the  interval  would  con- 
tract to  a  single  temperature  if  the  join 
were  truly  binary  (compare  Fig.  79B, 
Year  Book  69,  p.  289;  and  Fig.  6,  Linds- 
ley  and  Munoz,  1969).  The  results  also 
imply  that  calcium-poor  clinopyroxene 
(i.e.,  "pigeonite")  cannot  form  stably 
below  875°C  at  15  kb;  an  assemblage  of 
orthopyroxene  plus  calcium-rich  pyrox- 
ene ("augite")  is  stable  below  this  tem- 
perature. Further  experiments  to  define 
these  relationships  more  precisely  are  in 
progress. 

Experiments  at  Lower  Pressures: 

Pyroxene-Olivine-Quartz 

Equilibria 

The  "forbidden  zone"  in  the  pyroxene 
quadrilateral  is  the  intersection  of  a 
complex  volume  in  pressure-tempera- 
ture-composition space  with  the  plane  of 
the  quadrilateral.  Pyroxenes  in  the  sys- 
tem CaSi08-FeSi08-MgSi03  are  not 
stable  within  this  volume;  at  any  tem- 
perature the  volume  decreases  with  in- 
creasing pressure,  and  the  "forbidden 
zone"  vanishes  at  the  pressure  at  which 
pure  ferrosilite  is  stabilized.  Parts  of 
the  boundaries  of  the  volume  along  the 
limiting  hedenbergite-ferrosilite  and  en- 
statite-ferrosilite  joins  have  been  out- 
lined by  Lindsley  and  Munoz  (1969)  and 
Smith  (1971),  respectively.  Reconnais- 
sance melting  experiments  in  the  "for- 
bidden zone"  at  1  atm  with  natural 
iron-rich  pyroxenes  were  reported  by 
Yoder,  Tilley,  and  Schairer  {Year  Book 
63,  pp.  121-129).  The  experiments  below 
were  designed  to  explore  the  extent  of 
the  zone  within  the  quadrilateral  at  sub- 
solidus  temperatures. 

Clinopyroxene  with  compositions  of 
Woio,  Wo  15,  and  W035  broke  down  to 
yield    more    calcic    pyroxene,    fayalitic 


olivine,  and  silica  in  experiments  at 
1000 °C  in  evacuated  silica  glass  tubes. 
W015,  W025,  and  W035  clinopyroxene 
reacted  to  yield  clinopyroxene,  fayalitic 
olivine,  and  quartz  in  hydrothermal  ex- 
periments* at  800 °C  and  1  kb.  These 
compositions  are  thus  within  the  "for- 
bidden zone"  at  low  pressures  at  tem- 
peratures of  geologic  interest.  Several 
hydrothermal  experiments  were  made  at 
higher  pressures  at  925  °C  in  an  in- 
ternally heated,  gas-media  apparatus 
through  the  courtesy  of  H.  S.  Yoder,  Jr. 
Experiments  at  15  kb  suggested  that 
single-phase  W015  clinopyroxene  would 
be  stable  with  respect  to  two  pyroxenes 
at  this  temperature.  At  925 °C  and  5  kb, 
W015  clinopyroxene  did  not  react,  where- 
as Woio  composition  (clinopyroxene  with 
a  trace  of  orthopyroxene)  partly  reacted 
to  yield  minor  olivine  +  quartz.  At 
925 °C  and  3.5  kb,  both  Wo15  and  Wo10 
pyroxenes  broke  down  to  fayalitic 
olivine,  quartz,  and  more  calcic  pyrox- 
ene. Orthopyroxene  of  composition  Wo0 
Fs85En15  is  not  stable  below  7  kb  at 
900°C  (Smith,  1971,  Fig.  3B).  A  mini- 
mum pressure  of  3.5  kb  at  925  °C  is 
therefore  necessary  for  stability  of  clino- 
pyroxenes  less  calcic  than  W015  on  the 
join  Fs8oEnlr)-wollastonite.  Likewise, 
more  iron-rich  pyroxenes  less  calcic  than 
W015  will  not  be  stable  below  3.5  kb  at 
925 °C.  The  minimum  pressure  will  in- 
crease with  increasing  iron  content; 
Lindsley  and  Burnham  (1970)  showed 
that  magnesium-free  clinopyroxene, 
Woir>En0Fs85,  is  not  stable  below  10  kb 
at  925  °C. 

Applications 

The  pyroxene  phase  relationships  de- 
termined at  15  kb  must  be  extrapolated 
to  lower  pressures  to  be  applied  in  under- 
standing conditions  of  formation  of  iron- 

*  The  oxygen  fugacities  in  these  hydrothermal 
experiments  and  those  made  in  the  internally 
heated,  gas-media  apparatus  were  buffered  with 
assemblages  of  fayalite-magnetite-quartz. 
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rich  silicates  in  crustal  rocks.  Data  on 
the  molar  volumes  of  clinopyroxenes 
synthesized  on  the  Fs85Eni5-wollastonite 
join  suggest  that  pressure  will  have  little 
effect  on  the  critical  temperature  of  the 
clinopyroxene  miscibility  gap  (Smith 
and  Finger,  this  report,  pp.  129-130). 
Hence,  the  900°-950°C  temperature  ob- 
tained at  15  kb  can  be  extrapolated  to 
lower  pressures  without  serious  error. 
Subcalcic  ferroaugites,  such  as  those  in 
the  groundmass  of  many  lunar  basalts, 
could  have  formed  above  this  tempera- 
ture and  have  been  stable  at  crystalliza- 
tion with  respect  to  two  clinopyroxenes. 
However,  some  of  these  subcalcic  ferro- 
augites are  more  iron-rich  and  less  cal- 
cic than  Wo35En9.75Fs55  25  clinopyroxene 
(e.g.,  Boyd  and  Smith,  1971).  Since  this 
composition  lies  within  the  "forbidden 
zone"  at  1000  °C  and  low  pressure,  more 
iron-rich  lunar  pyroxenes  probably  were 
metastable  at  crystallization  with  re- 
spect to  a  calcium-rich  pyroxene,  olivine, 
and  quartz.  Compositions  of  magnesian 
pyroxferroite  in  lunar  rocks  (Smith  and 
Finger,  this  report,  pp.  133-134)  plot  be- 
tween Woio  and  Woi5  on  the  join  studied. 
The  fact  that  the  pyroxenoid  was  not 
observed  in  any  experimental  products 
is  negative  evidence  that  it  is  not  stable 
with  respect  to  either  clinopyroxene  or  a 
pyroxene-olivine-silica  assemblage  at  low 
pressure  in  the  800°-1000°C  temperature 
range. 

The  875  °C  minimum  temperature  for 
the  formation  of  pigeonite  at  15  kb  can- 
not be  extrapolated  to  lower  pressures  on 
the  basis  of  our  present  knowledge.  Bon- 
nichsen  (1969)  has  inferred  from  tex- 
tural  evidence  that  iron-rich  pigeonite 
was  a  stable  crystallization  during  meta- 
morphism  of  an  iron  formation  at 
maximum  temperatures  of  700°-750°C. 
If  his  interpretation  is  correct,  then  the 
temperature  of  intersection  of  the  clino- 
pyroxene miscibility  gap  and  ortho- 
pyroxene-clinopyroxene  transition  loop 
must  either  decrease  with  decreasing 
pressure  or  be  sensitive  to  the  presence 


of  minor  elements  such  as  Mn,  Al,  and  Ti 
in  the  pyroxenes. 

Unit  Cell  Parameters  of  Synthetic 
Clinopyroxenes  on  the  Join 

Fs85Eni5-W0LLAST0NITE    IN    THE 

Pyroxene  Quadrilateral 

Douglas  Smith  and  L.  W.  Finger 

Knowledge  of  the  cell  parameters  of 
synthetic  clinopyroxenes  may  be  used, 
first,  to  aid  in  constructing  nomograms 
for  determination  of  compositions  from 
X-ray  data  (e.g.,  Brown,  1960)  and, 
second,  to  determine  volumes  of  mixing 
of  clinopyroxene  solid  solutions.  These 
volumes  may  be  used  in  estimating  effects 
of  pressure  upon  clinopyroxene  phase 
relations.  Diffractometer  studies  were 
made  on  clinopyroxene  powders  synthe- 
sized for  an  experimental  study  of  phase 
relations  on  the  join  Fs85En15-wollaston- 
ite  in  the  pyroxene  quadrilateral.  Condi- 
tions of  synthesis  are  discussed,  together 
with  experimental  data  at  15  kb  outlin- 
ing part  of  a  clinopyroxene  miscibility 
gap  (Smith,  this  report,  pp.  126-128). 

We  obtained  the  unit  cell  parameters 
plotted  in  Fig.  14  from  diffractometer 
traces  using  Si  as  an  internal  standard 
and  we  refined  them  using  the  computer 
program  of  Appleman  and  Evans  (1968) . 
The  error  bars  shown  are  the  estimated 
standard  deviations  from  the  program 
and  reflect  precision  only.  Least-squares 
regression  analysis  of  the  results  with 
the  data  weighted  according  to  the  in- 
verse of  the  variance  obtained  above  was 
calculated  for  linear,  quadratic,  and 
cubic  equations.  The  linear  equation 
gave  essentially  the  smallest  standard 
error  of  estimate,  except  for  c,  which  is 
best  satisfied  by  a  second-order  curve; 
however,  the  application  of  an  F  test 
shows  that  at  a  95%  confidence  level  the 
fit  is  not  significantly  improved  over  the 
linear  case.  The  principal  cause  of  this 
is  the  limited  number  of  points. 

Tie  lines  in  the  pyroxene  quadrilateral 
connecting    compositions    of    natural 
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Fig.  14.  Unit  cell  parameters  for  synthetic  clinopyroxenes  on  the  join  Fss.-,Eni.->-wollastonite  as 
determined  by  least-squares  refinement  of  powder  diffraction  data.  Molar  volumes  were  calcu- 
lated on  the  basis  of  Z  =  8(Ca,Fe,Mg)Si03  per  unit  cell.  Clinopyroxenes  were  synthesized  in 
hydrothermal  experiments  in  silver  capsules  in  a  solid-media,  piston-cylinder  apparatus.  Tem- 
peratures and  pressures  of  synthesis  were  925°-950°C  and  20-21  kb. 


coexisting  iron-rich  clinopyroxenes  of 
different  calcium  contents  are  nearly  par- 
allel to  the  join  on  which  lie  composi- 
tions of  these  synthetic  clinopyroxenes 
(compare  Smith,  Year  Book  69,  pp.  288- 
289) .  The  fact  that  molar  volume 
appears  to  be  a  linear  function  of  com- 
position along  this  join  implies  that  pres- 
sure will  have  little  effect  upon  the  critical 
temperature  of  the  clinopyroxene  mis- 
cibility  gap  (compare  Lindsley  and 
Munoz,  1969;  Bell  and  Davis,  1969). 
The  temperature  obtained  at  15  kb  on 
the  join  (p.  127)  can  be  extrapolated  to 
low  pressures  without  serious  error. 
Davis  and  Boyd  (1966)  found  that  a 
30-kb  pressure  difference  had  scarcely 
discernible  effects  on  enstatite  solid  solu- 


tion in  diopside  in  the  system  MgSi03- 
CaMgSiOa,  so  clinopyroxene  mixing  re- 
lations may  be  relatively  independent  of 
pressure  for  compositions  throughout  the 
quadrilateral. 

Lindsley,  Munoz,  and  Finger  (Year 
Book  67)  found  a  small  positive  volume 
of  mixing  for  clinopyroxenes  along  the 
magnesium-free  hedenbergite-ferrosilite 
join.  The  difference  between  these  results 
and  those  obtained  here  could  be  a  real 
effect  related  to  the  compositional  dif- 
ference between  the  two  joins,  or  it  could 
reflect  generally  different  conditions  of 
synthesis  of  the  clinopyroxenes.  Most 
pyroxenes  they  studied  were  made  at 
higher  temperatures  than  those  synthe- 
sized for  this  investigation. 
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Composition  of  Clinopyroxene  in  the 

System  NaAlSi206-CaAl2Si208 

P.  M.  Bell  and  H.  K.  Mao 

Reactions  of  the  jadeitic  component 
(NaAlSi20(!)  with  anorthite  (CaAl2Si2 
08)  have  proved  to  be  of  crucial  impor- 
tance in  natural  basalts  and  metamor- 
phic  rocks  (Ito  and  Kennedy,  1971).  The 
reasons  for  this  involve  the  critical 
component  (Si02) ,  whether  in  excess  or 
in  some  degree  of  saturation.  Experi- 
mentally, CaAl2SiOe  (pyroxene)  is  a 
stable  phase  in  the  system  CaO-Al20.s- 
Si02  (Hays,  Year  Book  65,  pp.  234-239) , 
but  in  igneous  and  metamorphic  rocks, 
CaALSiOo  has  not  been  recognized  as  an 
end-member  pyroxene,  only  as  the  Ca- 
Tschermak's  molecule  component 
(CATS)  in  solid  solution  with  other 
pyroxenes.  In  many  experimental  prod- 
ucts and  natural  basalts,  CATS  is  found 
as  a  pyroxene  component,  but  the  excess 
quartz  released  during  the  reaction  anor- 
thite (CaAl2Si208)  ?±  CATS  +  Si02  ap- 
parently has  not  been  observed.  Ito  and 
Kennedy  (1971)  looked  for  Si02  in  their 
experiments  with  the  basaltic  material 
NM-I  but  were  unable  to  find  it.  If  the 
small  excess  of  Si02  exists  as  thin  films 
along  grain  boundaries,  below  limits  of 
detection  by  microscope  or  by  X-ray 
diffraction,  melting  temperatures  could 
vary  by  about  200 °C. 

Kushiro  (19696)  could  not  detect  Si02 
as  quartz  in  his  experiments  with  diop- 
side-plagioclase  reactions.  Interpreting 
unit-cell-refinement  parameters,  he  sug- 
gested that  excess  Si02  had  dissolved  in 
the  resultant  diopside-CATS  solid  solu- 
tion. Similar  evidence  was  presented  in 
Year  Book  69  (p.  164)  for  the  solution  of 
excess  Si02  in  the  jadeite-CATS  pyrox- 
ene. In  spite  of  problems  with  the  fine- 
grained textures  of  these  synthetic  py- 
roxenes and  problems  of  interpretation 
of  the  crystal  chemistry  of  excess  Si02 
in  pyroxene,  it  was  appropriate  to  chemi- 
cally analyze  the  pyroxene  in  question 


TABLE  3.   Atomic  Ratios  of  Pyroxenes  in  the 

System  NaAlSi2Oo-CaAl2Si208,  Normalized 

to   1  Molecule  of  Jadeite 

Moles  of  CATS 

in  Solid  Solution  Atomic  Ratio 

with  1  Mole     

Sample  No.  of  Jadeite         CaO      Si02 

Q  0.438  1  3.75 

R  0.694  1  1.80 

S  0.469  1  2.81 

T  0.363  1  4.18 

35%  CATS  (ideal)  0.391  1  1 


so  that  the  solid  solution  of  excess  Si02 
could  be  confirmed. 

Pyroxenes  were  synthesized  at  40  kb 
from  glass  of  the  composition  Jd65An35. 
In  order  to  promote  grain  growth  to  sizes 
suitable  for  analysis  (10  /im),  tempera- 
tures were  first  set  at  1350 °C  for  1  hour, 
then  reset  to  1300°C  for  11  hours,  1200°C 
for  5  hours,  and  finally,  1200°C  for  2 
hours.  Twenty  microprobe  analyses  were 
performed  on  several  grains  of  small 
size,  marginally  sufficient  for  accurate 
counts.  The  results  for  molecules  with 
Si02  in  excess  can  be  compared  with  the 
theoretical  proportion  in  Table  3.  Com- 
positional variation  between  grains  was 
evident,  presumably  due  to  zoning  in 
crystals  grown  from  glass.  In  some 
grains,  however,  this  variation  is  minor. 
Most  significant  is  the  finding  that  ex- 
cess silica  is  indeed  present  in  all  grains 
analyzed. 

Compositional  Zoning  in  Pyroxenes 
from  Lunar  Rock  12021 

F.  R.  Boyd  and  Douglas  Smith 

Electron-probe  study  of  the  pheno- 
crysts  in  rock  12021  of  the  Apollo  12 
sample  has  revealed  an  extraordinary 
variety  of  zoning  phenomena.  Prelimi- 
nary results  of  a  study  of  these  pyrox- 
enes were  presented  by  Boyd  in  Year 
Book  69,  and  in  the  past  year  Smith  has 
joined  Boyd  in  a  further  investigation 
of  the  remarkable  pyroxenes  and  py- 
roxenoids  in  this  lunar  lava.    The  com- 
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plete  results  of  their  work  are  in  press  at 
this  writing  and  will  be  in  print  prior  to 
the  publication  of  this  report  (Boyd  and 
Smith,  1971).  Hence,  only  a  resume  of 
the  research  on  pyroxenes  in  rock  12021 
is  given  here;  a  more  extended  discussion 
of  pyroxenoid  crystallization  is  given  by 
Smith  and  Finger  hereafter. 

The  phenocrysts  of  rock  12021  have 
cores  of  relatively  homogeneous  pigeonite 
that  are  mantled  by  Ca-rich  pyroxenes; 
the  mantles  are  zoned  outward  from 
about  20  mole  %  FeSi03  at  the  core- 
mantle  boundaries  to  70  mole  %  FeSi03 
at  the  margins  of  the  phenocrysts.  The 
character  of  the  normal  zoning  differs  in 
each  growth  sector.  Four  different  trends 
characterizing  growth  on  (110),  (100), 
(010),  and  parallel  to  c  are  illustrated  in 
Fig.  15.  Pronounced  but  erratic  oscilla- 
tory effects  are  impressed  on  the  normal 
zoning  in  all  sectors. 


Normal  zoning  in  lunar  pyroxenes  is 
generally  more  extensive  than  in  terres- 
trial pyroxenes,  probably  because  the 
lunar  lavas  were  an  order  of  magnitude 
more  fluid  than  terrestrial  basalt  flows. 
Turbulent  flow  in  the  lunar  lavas  may 
have  caused  some  of  the  oscillatory  com- 
positional changes.  Boyd  (Year  Book 
69)  interpreted  the  cyclic  nature  of 
augite  and  pigeonite  crystallization  as 
reflecting  the  presence  of  an  augite- 
pigeonite  peritectic;  additional  observa- 
tions have  led  us  to  believe  that  these 
cycles  may  be  kinetic  in  origin.  It  is 
likely  that  further  knowledge  of  the 
crystal  structure  of  pigeonite  at  high 
temperatures  will  be  required  before  a 
structural  model  can  be  formulated  that 
will  satisfactorily  explain  the  details  of 
the  sector  zoning. 

The  elegant  morphology  of  the  man- 
tled pigeonite  phenocrysts  in  rock  12021 


A 


C 


A A A 7V 


V v  v ^ V V V_ 
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Fig.  15.  Summary  of  the  zoning  trends  in  the  (110),  (100),  (010),  and  (001)  sectors  of  mantled 
pigeonite  phenocrysts  from  rock  12021.  The  black  elliptical  point  in  each  figure  indicates  the  com- 
position of  the  pigeonite  core,  and  the  arrows  show  the  crystallization  trends  in  the  mantle.  Broken 
arrows  indicate  compositional  breaks,  and  solid  arrows  indicate  continuous  zoning. 
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and  other  Apollo  12  specimens  has  made 
it  possible  to  understand  the  sequential 
relations  of  pyroxene  crystallization  and 
to  separate  the  trends  characteristic  of 
the  individual  sectors.  Clearly,  the  com- 
positional scatter  in  the  pyroxene  quad- 
rilateral that  has  been  typical  of  random 
electron-probe  analyses  of  lunar  pyrox- 
enes is  due  to  a  combination  of  sector 
zoning  and  oscillatory  effects  impressed 
on  a  strong  normal  zoning  toward 
ferroaugite. 

Magnesian  Pyroxferroite  in 
Lunar  Rock  12021 

Douglas  Smith  and  L.  W.  Finger 

Pyroxferroite,  one  of  the  new  minerals 
discovered  in  Apollo  11  basalts,  is  a 
pyroxenoid  with  the  approximate  com- 
position Ca(Fe,Mg)6Si702i.  Its  occur- 
rence in  the  lunar  basalts  is  of  particular 
interest  because  experimental  studies 
have    established    that    magnesium-free 


pyroxferroite  (Ca0.i5Feo.85Si03)  is  stable 
only  at  pressures  above  9.5  kb  (Lindsley 
and  Burnham,  1970) .  The  mineral  crys- 
tallized in  the  groundmass  of  the  basaltic 
rocks,  however,  at  low  pressure  at  or 
near  the  lunar  surface.  Unusually  large 
pyroxenoid  crystals,  up  to  1  mm  in  diam- 
eter, are  found  in  the  groundmass  of 
Apollo  12  rock  12021,  a  coarse-grained 
basalt  with  large  pigeonite  phenocrysts. 
Chemical  zoning  in  pyroxene  in  this  rock 
has  been  described  by  Boyd  and  Smith 
(1971)  and  by  a  number  of  other  investi- 
gators (e.g.,  Bence,  Papike,  and  Linds- 
ley, 1971;  Hollister  et  al,  1971).  Com- 
positions of  pyroxenoid  in  rock  12021  are 
plotted  in  a  portion  of  the  pyroxene 
quadrilateral  in  Fig.  16;  the  mineral  has 
a  range  of  Fe-Mg  contents  in  this  rock, 
with  a  maximum  ratio  of  Mg/(Fe  +  Mg 
+  Ca)  of  0.13.  In  contrast,  all  material 
definitely  identified  as  pyroxferroite  in 
Apollo  11  rocks  contains  relatively  little 
magnesium  and  is  close  to  the  composi- 


Fig.  16.  Analyses  of  pyroxferroite  in  rock  12021  plotted  in  part  of  the  pyroxene  quadrilateral. 
The  electron  microprobe  analyses  represent  100  points  on  nine  different  crystals.  The  composi- 
tion of  the  crystal  fragment  studied  by  X  ray  is  plotted  at  the  cross. 
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TABLE  4.    Compositional  and  X-Ray  Data  for  Magnesian  Pyroxferroite 

in  Rock  12021 


Electron  Mi 

icroprobe  Analysis* 

Atomic  Proportions  for  0  =  6 

Cell  Data  t 

Si02 

47.0 

Si 

1.99 

a       6.619(6)  A 

TiO, 

0.37 

Ti 

0.012 

b       7.55(2) 

A1203 

0.26 

Al 

0.013 

c      17.35(6) 

Cr2Os 

0.04 

Cr 

0.001 

a    114.1(3)° 

Fe  as  FeO 

41.7 

Fe 

1.47 

/3      83.4(2) 

MnO 

0.76 

Mn 

0.027 

7     93.9(2) 

MgO 

3.8 

Mg 

0.238 

V       786(7)  A3 

CaO 

5.4 

Ca 

0.246 

Na20 

<0.1 

Total 

99.3 

*  Analysis  from  Boyd  and  Smith  (1971). 

t  The  numbers  in  parentheses  represent  the  standard  deviation  of  the  last  digit 

presented. 


tion  studied  by  Lindsley  and  Burnham 
(Chao  et  al.,  1970).  Lindsley  and  Burn- 
ham  predicted  that  pyroxferroite  would 
not  contain  appreciable  Mg,  by  analogy 
with  the  limited  substitution  shown  by 
more  Ca-rich  pyroxenoids  in  igneous 
rocks.  Consequently,  it  became  desirable 
to  verify  that  the  more  magnesian  py- 
roxenoid  in  rock  12021  did  in  fact  have 
the  pyroxferroite  structure. 

The  central  part  of  a  relatively  homo- 
geneous crystal  of  approximate  com- 
position Cao.isMgo.isFeo.TsSiOs  was  first 
analyzed  with  an  electron  probe  (Table 
4)  and  then  plucked  from  thin  section  for 
X-ray  study.  This  crystal  was  inter- 
grown  in  thin  section  with  subcalcic  fer- 
roaugite  (Wo80En9Fs6i) ,  tridymite,  and 
calcic  plagioclase.  X-ray  single-crystal 
photographs  of  this  fragment  confirmed 
the  pyroxenoid  structure.  Reciprocal  lat- 
tice nets  showing  (hOl)  and  (hkO)  were 
collected,  but  unfortunately  an  (Okl) 
photograph  could  not  be  taken  and  only 
two  data  involving  the  angle  a*  could  be 
measured.  Consequently  it  was  not  pos- 
sible to  refine  the  unit  cell  satisfactorily, 
but  the  best  results  obtained  are  shown 
in  Table  4. 

The  well-defined  linear  cluster  of  py- 
roxferroite analyses  in  Fig.  16  suggests 
that  its  composition  was  controlled  by  an 
equilibrium    process    during    crystalliza- 


tion: the  pyroxenoid  apparently  crystal- 
lized together  with  subcalcic  ferroaugite, 
and  the  linear  cluster  may  define  one 
boundary  of  a  two-phase  field  in  the 
pyroxene  quadrilateral.  Nonetheless,  it 
is  probable  that  the  pyroxene-pyroxfer- 
roite  pair  formed  metastably  with  re- 
spect to  the  common  terrestrial  assem- 
blage of  more  calcic  pyroxene,  iron-rich 
olivine,  and  silica,  as  discussed  by  Boyd 
and  Smith  (1971).  Pyroxene  similar  in 
composition  to  the  magnesian  pyroxenoid 
breaks  down  to  an  olivine-pyroxene- 
quartz  assemblage  at  low  pressure  and 
at  temperatures  of  800°  and  1000  °C 
(Smith,  this  report,  p.  129).  However, 
experiments  on  the  magnesian  pyroxenoid 
itself  will  be  necessary  to  be  certain  of  its 
stability  relations. 

Enstatite-Ilmenite  and  Diopside- 

Ilmenite  Intergrowths  from  the 

Monastery  Mine 

F.  R.  Boyd 

Coarse  intergrowths  of  diopside  and 
ilmenite  with  a  lamellar  or  graphic 
texture  have  been  found  as  xenoliths  in 
a  number  of  kimberlite  intrusions  in 
South  Africa  (Williams,  1932).  Similar, 
partially  altered  intergrowths  in  which 
the  regular  patterns  of  ilmenite  plates 
are  preserved  but  in  which  the  original 
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pyroxene  has  been  replaced  by  serpen-  statites  from  kimberlites.  Mg/(Mg  -(- 
tine  have  also  been  found  in  the  Stock-  Fe)  is  0.85,  which  is  somewhat  less  than 
dale  kimberlite  pipe  in  Kansas  (Brook-  the  average  of  0.93  for  the  analyses  given 
ins,  1971).  Williams  (op.  cit.)  believed  by  Nixon,  von  Knorring,  and  Rooke, 
that  these  intergrowths  were  produced  (1963)  and  O'Hara  and  Mercy  (1963). 
by  eutectoid  crystallization,  and  this  The  low  CaO  and  Al2Oa  contents  of  the 
view  has  been  endorsed  by  MacGregor  Monastery  enstatite  indicate  that  solid 
and  Wittkopp  (1970).  Other  recent  solutions  toward  diopside  and  garnet  are 
studies  have  led  to  the  speculation  that  minimal.  There  is  no  indication  that  this 
they  formed  by  breakdown  of  a  high-  enstatite  crystallized  in  equilibrium  with 
pressure  phase,  possibly  a  garnet  (Ring-  diopside,  or  pyrope-rich  garnet,  or  both, 
wood  and  Lovering,  1970)  or  an  "ilmen-  but  its  composition  would  seem  to  be 
ite-structured  pyroxene"  (Dawson  and  compatible  with  such  an  origin. 
Reid,  1970).  Intergrowths  of  this  type  The  ilmenite  intergrown  with  enstatite 
from  the  Monastery  mine  in  the  Orange  is  virtually  identical  with  the  ilmenite 
Free  State,  South  Africa,  are  also  of  intergrown  with  diopside  (Table  5). 
interest  because  the  diopsides  in  them  Both  are  rich  in  MgTiOs  (geikielite),  a 
show  a  degree  of  solid  solution  with  feature  that  is  characteristic  of  ilmen- 
enstatite  that  differs  from  the  ranges  ites  from  kimberlite  (e.g.,  Williams, 
found  for  other  diopsides  from  African  1932;  Nixon,  von  Knorring,  and  Rooke, 
kimberlites.  1963).  Both  contain  0.6%  A1203,  which 
Samples  of  pyroxene-ilmenite  inter-  is  comparable  to  the  values  obtained  by 
growths  from  the  Monastery  mine,  sent  Ringwood  and  Lovering  (1970)  and 
to  the  author  through  the  courtesy  of  Dawson  and  Reid  (1970).  These  Monas- 
P.  H.  Nixon,  included  one  that  is  a  tery  ilmenites  are  considerably  more 
graphic  intergrowth  of  enstatite  and  aluminous  than  other  ilmenites  that  have 
ilmenite.  The  occurrence  of  enstatite-  been  analyzed  with  the  electron  probe 
ilmenite  intergrowths  has  been  described  (e.g.,  Smith,  1970;  Carmichael,  1967; 
(e.g.,  MacGregor,  Ferguson,  and  Amm,  Anderson,  1968a;  Haggerty  et  al.} 
1937;  Harger,  1906,  p.  128),  but  appar-  19706).  Calculation  of  structural  for- 
ently  they  have  not  previously  been  mulae  shows  that  these  ilmenites  are 
analyzed.  Electron-probe  analyses  of  the  deficient  in  titanium.  Hence,  it  is  likely 
enstatite  and  ilmenite  from  this  sample  that  some  of  the  iron  is  present  in  the 
and  of  two  diopsides  and  an  ilmenite  ferric  state.  If  Fe3+  is  allotted  to  make 
from  other  Monastery  samples  supplied  up  the  deficiency  in  Ti  with  an  equal 
by  Nixon  are  presented  in  this  report.  allotment  of  Fe3+  in  the  Fe2+  position,  the 
All  samples  consisted  of  small  chips,  weight  percentage  of  Fe208  can  then  be 
up  to  5  mm  in  their  largest  dimension,  calculated.  Iteration  leads  finally  to 
The  ilmenite  plates  range  in  thickness  cation-to-anion  ratios  that  are  almost 
from  0.2  to  1.0  mm.  These  samples  ap-  exactly  2.000:3.000  (Table  5).  It  is 
pear  identical  to  those  illustrated  in  emphasized  that  the  analyses  represent 
photographs  by  Williams  (1932)  and  whole  grains  of  ilmenite,  including  the 
others.  The  only  alteration  of  the  py-  unresolved  lamellae, 
roxenes  and  ilmenites  in  the  specimens  Diopsides  from  the  Monastery  inter- 
studied  is  that  the  ilmenites  contain  growths  (Table  5)  differ  from  other 
unidentified  lamellae  that  are  too  fine-  diopsides  from  African  kimberlites  in 
grained  to  be  resolved  with  the  probe.  their  low  Cr  contents  and  their  inter- 
Analysis  of  the  enstatite  intergrown  mediate  degree  of  solid  solution  toward 
with  ilmenite  (Table  5)  shows  that  it  is  MgSiOa,  and  also  in  that  (like  the  Mon- 
similar   in    most   respects    to    other   en-  astery    enstatite)     they    are    somewhat 
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TABLE  5.  Pyroxenes  and  Ilmenites  from  Monastery  Intergrowths,  wt  % 


1634 

1635 

163* 

Diopside 

Diopside 

Ilmenite 

Enstatite 

Ilmenite 

Si02 

54.8 

54.4 

0.11 

56.2 

0.05 

Ti02 

0.34 

0.43 

49.3 

0.18 

48.3 

A1208 

2.58 

2.60 

0.61 

0.81 

0.61 

Cr203 

0.01 

0.03 

0.08 

<0.01 

0.01 

Fe203 

13.1* 

14.0* 

FeO 

6.35t 

6.16t 

27.0* 

10.lt 

28.1* 

MnO 

0.14 

0.14 

0.20 

0.18 

0.20 

MgO 

17.8 

17.9 

9.64 

31.9 

8.52 

CaO 

16.4 

16.4 

0.02 

0.89 

0.01 

Na20 

1.88 

1.80 

n.d.t 

0.19 

n.d. 

CoO 

n.d. 

n.d. 

<0.05 

n.d. 

<0.05 

NiO 

n.d. 

n.d. 

0.12 

n.d. 

0.03 

ZnO 

n.d. 

n.d. 

<0.02 

n.d. 

<0.02 

Totals 

100.3 

99.9 

100.2 

100.5 

99.8 

Atomic  Proportions 

0  =  6000 

O  =  6000 

0=3000 

0=6000 

0=3000 

Si 

1980 

1974 

3 

1968 

1 

Ti 

9 

12 

872 

5 

865 

Al 

110 

111 

17 

34 

17 

Cr 

•   .   ■ 

1 

2 

. . . 

Fe3+ 

•  ■  • 

233* 

251* 

Fe2+ 

192t 

187t 

530 

297t 

559 

Mn 

4 

4 

4 

5 

5 

Mg 

959 

969 

339 

1663 

302 

Ca 

636 

638 

1 

33 

. . . 

Na 

132 

127 

13 

. . . 

Ni 

4022 

2 

4018 

Totals 

4023 

2002 

2000 

*  Fe2+  and  Fe3+  calculated  from  total 
ABOa,  assuming  B  is  entirely  R4+  and 
R3+  in  A. 

f  Total  Fe  as  Fe2+. 

t  n.d.,  not  determined. 


Fe  and  the  structural  formula 
R3+  and  that  R3+  in   B  equals 


richer  in  iron.  The  data  of  Boyd  and 
Nixon  (Year  Book  68)  show  that  the 
average  Cr2Os  content  of  diopside  xeno- 
crysts  and  of  diopsides  from  xenoliths  in 
African  kimberlites  is  1.3  wt  %.  How- 
ever, the  diopsides  from  the  ilmenite  in- 
tergrowths contain  only  0.01-0.03  wt  % 
Cr203  (Table  5).  The  Monastery  diop- 
sides are  plotted  in  a  portion  of  the  py- 
roxene quadrilateral  in  Fig.  17,  along 
with  the  analyses  described  by  Boyd  and 
Nixon  (op.  cit.)  and  Boyd  (1969).  Anal- 
yses of  diopsides  from  Monastery  inter- 
growths published  by  Dawson  and  Reid 
( 1970)   and  by  Ringwood  and  Lovering 


(1970)  are  also  plotted,  and  these  to- 
gether with  the  two  analyses  from  Table 
5  form  an  isolated  group.  The  common 
chrome  diopsides  from  African  kimber- 
lites have  a  pronounced  bimodal  dis- 
tribution with  respect  to  the  degree  of 
solid  solution  they  show  toward  MgSi03, 
but  the  diopsides  from  ilmenite  inter- 
growths plot  in  an  intermediate  range. 

It  is  interesting  to  note  that  the  anal- 
yses given  by  Boyd  (1969)  include  one 
for  a  Cr-rich  diopside  in  a  garnet  lherzo- 
lite  xenolith  from  the  Monastery  pipe 
that  plots  in  the  calcic  group  of  chrome 
diopsides  (Fig.  17)  quite  distinctly  from 
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Fig.  17.  Diopsides  occurring  as  xenociysts  or  from  xenoliths  in  African  kimberlites  plotted  in  a 
portion  of  the  pyroxene  quadrilateral.  Temperatures  are  for  the  Di(en)  solvus  in  the  system 
CaMgSii-O^-MgSiO.;  at  30  kb  (Davis  and  Boyd,  1966).  Black  points  are  for  analyses  described  by 
Boyd  and  Nixon  {Year  Book  6S)  and  Boyd  (1969).  Crosses  indicate  the  compositions  of  diopsides 
intergrown  with  ilmenite  from  the  Monastery  pipe:  1  and  2, Table  5;  3  and  4,Ringwood  and  Lover- 
ing  (1970) ;  5,  Dawson  and  Reid  (1970). 


those  intergrown  with  ilmenite.  Hence, 
the  distinctive  compositional  range 
shown  by  the  diopsides  from  the  ilmenite 
intergrowths  is  not  a  feature  that  is 
characteristic  of  diopsides  from  the 
Monastery  kimberlite  in  general. 

Boyd  and  Nixon  (Year  Book  68)  and 
Boyd  (1970)  have  speculated  that  the 
bimodal  distribution  found  for  analyses 
of  chrome  diopsides  from  African  kim- 
berlites might  be  due  to  changes  in  py- 
roxene phase  relations  in  the  pressure 
range  above  30  kb.  However,  the  com- 
positional range  shown  by  the  diopsides 
from  the  Monastery  intergrowths  makes 
it  seem  unlikely  that  a  two-phase  field 
develops  in  this  part  of  the  pyroxene 
quadrilateral  at  high  pressures.  Further 
experimental  study  of  the  system  CaMg 
SioOo-MgSiOs  at  pressures  above  30  kb 
would  be  desirable,  but  present  data 
seem  to  indicate  that  the  common 
chrome  diopsides  of  African  kimberlites 
have  equilibrated  at  depth  in  the  mantle 


in  two  distinct  temperature  ranges.  It  is 
difficult  to  understand  the  cause  of  these 
relations,  especially  in  view  of  the  fact 
that  calcic  and  subcalcic  chrome  diop- 
sides have  been  found  in  the  same  pipe 
(Boyd  and  Nixon,  Year  Book  68).  Sobo- 
lev  (1970)  has  reported  analyses  for  a 
variety  of  diopsides  from  kimberlites  in 
the  Soviet  Union  and  found  a  simpler 
pattern.  For  the  Soviet  diopsides  a  histo- 
gram for  the  ratio  Ca/(Ca  +  Mg) 
shows  a  maximum  at  0.46-0.48,  corres- 
ponding to  equilibration  temperatures  of 
950°-1000°C  with  a  tail  of  analyses  ex- 
tending out  to  ratios  as  low  as  0.34 
(Sobolev,  op.  cit.,  Fig  2).  Further  ana- 
lytical studies  are  needed  to  clarify  this 
problem. 

Apparently,  all  the  pyroxene-ilmenite 
intergrowths  that  have  thus  far  been 
found  consist  of  large  (up  to  20  cm) 
single  crystals  of  pyroxene  with  included 
ilmenite  (Dawson  and  Reid,  1970;  John 
Gurney,     personal     communication). 
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Hence,  they  represent  fragments  of  ex- 
tremely coarse-grained  rocks  in  which 
the  total  mineral  assemblage  is  unknown. 
The  fact  that  the  ilmenite  intergrown 
with  enstatite  and  the  ilmenite  inter- 
grown with  diopside  have  very  similar 
compositions  (Table  5)  suggests  that  the 
enstatite  and  diopside  have  equilibrated 
in  a  common  assemblage.  However,  this 
supposition  is  speculative,  and  one  can 
use  the  diopside  solvus  with  confidence 
only  to  estimate  a  minimum  temperature 
of  equilibration.  From  the  data  in  Fig. 
17  it  appears  that  the  minimum  tempera- 
ture of  equilibration  must  have  been  on 
the  order  of  1200°C. 

The  graphic  texture  of  the  pyroxene- 
ilmenite  intergrowths  has  some  similarity 
to  textures  that  form  in  the  crystalliza- 
tion of  eutectic  alloys.  In  these  metal 
systems  the  crystal  growth  rate  and 
purity  of  the  liquid  have  a  critical  in- 
fluence on  the  textural  development. 
Growth  rates  slower  than  1  cm/hr  or  the 
presence  of  impurities  can  cause  lamellar 
structures  in  metal  alloys  to  degenerate 
or  become  modified  into  more  complex 
structures  (e.g.,  Chalmers,  1964).  The 
growth  rates  that  are  required  to  produce 
such  textures  in  metals  are  many  orders 
of  magnitude  faster  than  the  rate  of  crys- 
tallization of  a  magma  at  depth  in  the 
earth's  mantle.  Nevertheless,  it  is  con- 
ceivable that  the  graphic  texture  of  these 
pyroxene-ilmenite  intergrowths  is  related 
to  eutectic  crystallization,  as  suggested 
by  Williams  (1932)  and  MacGregor  and 
Wittkopp  (1970). 

Ringwood  and  Lovering  (1970)  pro- 
vided strong  support  for  their  hypothesis 
that  the  Monastery  intergrowths  are  the 
breakdown  products  of  high-pressure 
garnets  by  crystallizing  a  glass  made 
from  the  natural  assemblage  diopside  + 
ilmenite  to  a  garnet  at  pressures  in  excess 
of  100  kb  at  1000°C.  In  view  of  Ring- 
wood's  (1970)  discussion  of  the  wide 
compositional  range  possible  for  garnets 
at  pressures  above  100  kb  it  seems  prob- 
able that  similar  experiments  with  the 


assemblage  enstatite  +  ilmenite  would 
show  that  it  too  could  be  converted  to 
garnet. 

Pargasite-Spinel  Peridotite  Xenolith 
from  the  wesselton  mlne 

F.  R.  Boyd 

An  unusual  xenolith*  from  the  Wessel- 
ton  kimberlite  pipe  in  South  Africa  has 
been  found  to  contain  the  assemblage 
pargasite  (hornblende),  chromite,  en- 
statite, and  olivine.  A  detailed  electron 
probe  study  of  the  minerals  that  com- 
prise this  xenolith  has  been  carried  out 
both  because  of  the  rarity  of  primary 
amphiboles  in  ultramafic  xenoliths  from 
kimberlite  and  because  of  current  inter- 
est in  the  possible  occurrence  of  amphi- 
boles in  upper  mantle  rocks. 

Although  primary  amphiboles  in  kim- 
berlite xenoliths  are  scarce,  there  have 
been  a  few  references  to  their  occurrence. 
Erlank  and  Finger  {Year  Book  68)  have 
described  small  (. — 100  /mi)  grains  of 
potassic  richterite  embedded  in  diopside 
in  phlogopite  nodules  from  the  Wessel- 
ton  mine.  Experimental  investigation  by 
Kushiro  and  Erlank  {Year  Book  68) 
indicates  that  potassic  richterite  reacts 
with  garnet  and  probably  also  with 
spinel  to  form  phlogopite,  so  that  it  is 
unlikely  that  this  amphibole  could  be  of 
widespread  occurrence  in  the  mantle. 

Mathias,  Siebert,  and  Rickwood 
(1970)  have  tabulated  some  sparse  oc- 
currences of  amphibole  that  may  be 
primary  in  ultramafic  xenoliths  from 
African  kimberlites,  and  John  Gurney 
(personal  communication)  has  analyzed 
a  hornblende  from  a  xenolith  containing 
orthopyroxene,  garnet,  hornblende,  mica, 
and  apatite  from  the  Matsoku  pipe. 

Amphiboles  that  may  have  come  from 
the  mantle  in  other  kinds  of  occurrence 


*  This  xenolith  is  no.  7429  in  the  collection  of 
the  Department  of  Geology,  Princeton  Univer- 
sity. It  was  loaned  to  the  author  through  the 
courtesy  of  the  late  Professor  H.  H.  Hess. 
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than  kimberlite  are  more  abundant. 
Melson  et  al.  (1967)  have  described  pri- 
mary pargasite  in  the  spinel  peridotites 
of  St.  Paul's  Rocks,  and  they  have  sug- 
gested that  the  mylonitized  peridotites 
that  compose  these  islands  were  upper 
mantle  rocks  erupted  through  the  oceanic 
crust  as  a  hot,  crystalline  intrusion. 
Mason  (1968)  has  speculated  that  kaer- 
sutite  (a  titaniferous  member  of  the 
pargasite-ferropargasite  series),  which 
occurs  as  xenocrysts  in  basalt  at  San 
Carlos,  Arizona,  and  many  other  locali- 
ties, may  be  an  important  potassium- 
bearing  phase  in  the  upper  mantle.  Prinz 
and  Nehru  (1969)  provide  a  number  of 
analyses  of  the  San  Carlos  kaersutites, 
but  these  authors  argue  that  the  kaersu- 
tite  wehrlite  xenoliths  were  derived  from 
the  lower  crust  rather  than  the  mantle. 
Best  (1970)  suggests  that  ultramafic 
xenoliths  containing  poikilitic  kaersutite 
found  in  basanitic  lavas  from  the  north- 
western Grand  Canyon  area  in  Arizona 
have  formed  as  cumulates  at  depths  ap- 
proximating the  crust-mantle  boundary. 
The  peridotite  xenolith  studied  in  the 
present  investigation  is  a  chipped  hand 
specimen  about  10  cm  in  its  largest  di- 
mension. The  rock  is  studded  with  crys- 
tals of  up  to  1.5  cm  across  of  light-brown 
enstatite  with  a  prominent  cleavage,  ap- 
pearing almost  like  phlogopite  at  first 
glance.  Olivine  crystals  of  up  to  1  cm 
in  diameter  are  abundant  and  they  have 
been  sheared  and  veined  with  serpentine. 
The  pargasite,  which  is  light  green  in 
hand  specimen  but  colorless  in  thin  sec- 
tion, is  less  coarse-grained  than  the 
olivine  and  enstatite,  being  up  to  several 
mm  in  maximum  dimension.  In  part  the 
pargasite  forms  interstitial  intergrowths 
with  chromite,  but  in  part  it  mantles  en- 
statite crystals  and  in  some  places  it 
appears  to  replace  the  enstatite  along 
cracks  and  cleavages.  The  chromite  is 
intergrown  with  pargasite  in  a  classic 
symplektite  texture  (Fig.  18).  In  thin 
section  the  patterns  of  chromite  growth 
resemble  diminutive  fingerprints.    Chro- 


mite has  also  exsolved  from  the  enstatite, 
sieving  it  with  stubby  crystals  that  are 
never  more  than  a  few  micrometers  in 
length. 

Analyses  for  these  minerals  in  Table  6 
show  that  the  silicates  are  all  highly 
magnesian.  Mg/(Mg  +  Fe)  is  in  the 
range  0.92-0.93  for  the  olivine,  enstatite, 
and  pargasite.  A  curious  chemical  anom- 
aly is  that  none  of  the  phases  in  this 
xenolith  contains  significant  titanium  at 
the  50-100  ppm  detectability  level.  On 
the  other  hand,  all  four  minerals  contain 
detectable  Co  and  Ni,  and  minor  concen- 
trations of  V  were  found  in  the  amphi- 
bole  and  spinel. 

The  olivine  and  enstatite  are  similar  in 
general  to  other  olivines  and  enstatites 
from  ultramafic  xenoliths  in  kimberlite. 
Nevertheless,  the  CaO  content  of  the  en- 
statite is  only  0.11,  which  is  extremely 
low  considering  the  fact  that  it  is  inter- 
grown with  a  Ca-rich  pargasite.  The 
alumina  content  of  the  enstatite  is  also 
low.  Analysis  of  the  enstatite  was  com- 
plicated by  the  presence  of  abundant 
minute  blebs  of  Cr-rich  spinel,  which  ap- 
parently exsolved  from  the  pyroxene. 
These  blebs  were  avoided  during  analysis 
of  the  enstatite  by  keeping  one  spectrom- 
eter set  for  Cr  and  avoiding  areas  with 
above-average  Cr  counts. 

The  amphibole  in  the  Wesselton  xeno- 
lith has  a  composition  similar  to  that  of 
the  pargasite  in  the  Tinaquillo  perido- 
tite (MacKenzie,  1960)  and  the  par- 
gasite in  the  Lizard  peridotite  (Green, 
1964).  The  formula  for  the  "end-mem- 
ber" pargasite  can  be  written  NaCa2 
Mg4Al2VIAlIVSi60,2(OH)2,  and  inspec- 
tion of  the  atomic  proportions  for  the 
Wesselton  pargasite  in  Table  6  shows 
that  they  fit  the  idealized  formula  rather 
well.  Analysis  for  fluorine  shows  that  the 
pargasite  contains  less  than  300  ppm  F, 
and  it  must  therefore  be  an  (OH)  am- 
phibole. Both  Na20  and  K20  are  high, 
and  combined  alkalies  are  more  than  suf- 
ficient to  fill  the  A  site,  indicating  some 
solid   solution  toward   alkali   amphibole 
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Fig.  18.    Symplcktite  of  pargasite  and  chromite  in  a  peridotite  xenolith  from  the  Wesselton  kim- 
beiiite  pipe.   Length  of  intergrowth  is  6  mm.   Photo  taken  in  transmitted  light. 
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TABLE  6.    Coexisting  Phases  in  a  Pargasite- 

Spinel  Peridotite  Xenolith*  from  the  Wesselton 

Mine,  South  Africa 


Pargasite 

Spinel 

Bronzite  Olivine 

Si02 

45.5 

0.15 

58.0 

40.8 

Ti02 

<0.01 

<0.02 

<0.01 

<0.01 

A1203 

11.1 

12.4 

0.62 

<0.01 

Cr203 

1.67 

48.8 

0.16 

<0.01 

Fe203 

10.3t 

FeO 

3.18* 

15.7t 

4.88* 

7.44$ 

MnO 

0.06 

0.2 

0.14 

0.13 

MgO 

20.0 

11.3 

36.8 

51.2 

CaO 

10.6 

0.05 

0.11 

<0.01 

Na20 

3.79 

n.d.§ 

n.d. 

n.d. 

K20 

0.60 

n.d. 

n.d. 

n.d. 

CoO 

0.01 

0.06 

0.02 

0.01 

V203 

0.04 

0.18 

n.d. 

<0.01 

NiO 

0.10 

0.12 

0.07 

0.38 

SrO 

<0.03 

n.d. 

n.d. 

n.d. 

BaO 

<0.02 

n.d. 

n.d. 

n.d. 

CuO 

<0.01 

<0.01 

n.d. 

n.d. 

ZnO 

<0.02 

0.20 

n.d. 

n.d. 

ZrO 

<0.02 

<0.05 

n.d. 

n.d. 

H20 

2.HI 

F 

<0.03 

n.d. 

n.d. 

n.d. 

Totals 

98.711 

99.5 

100.8 

100.0 

Atomic  Proportions 

O = 23000  O = 4000  O  =  6000  O = 4000 

Si 

6513 

5 

1972 

991 

Al 

1873 

477 

25 

Cr 

189 

1259 

4 

y3+ 

4 

5 

. . . 

Fe3+ 

253t 

Fe2+ 

381$ 

430f 

139* 

1511 

Mg 

4267 

552 

1862 

1855 

Mn 

7 

5 

4 

3 

Ni 

11 

3 

2 

7 

Co 

1 

2 

Zn 

5 

Ca 

1626 

2 

4 

Na 

1052 

K 

109 
16033 

Totals 

2998 

4012 

3007 

*  Princeton  specimen  7429. 
t  Fe2+  and  Fe3+  calculated  from  total  Fe  and 
the  structural  formula  AB204. 
t  Total  Fe  as  FeO. 
§  n.d.,  not  determined. 

II  H20  calculated  from  the  structural  formula. 
11  Total  includes  theoretical  H20. 


with  limited  substitution  of  Na  for  Ca. 
There  must  be  minor  substitution  of  Fe2+ 
in  the  M4  site  as  well.  The  analytical 
total  is  somewhat  low,  despite  repeated 


checks  on  the  concentrations  of  the 
major  elements  and  a  considerable  search 
for  minor  elements.  Whether  the  matrix 
corrections  used  do  not  work  well  for 
amphiboles  or  whether  the  presence  of  an 
additional  element  in  significant  concen- 
tration has  been  overlooked  is  not  clear. 

The  spinel  which  is  intergrown  with 
pargasite  as  a  symplektite  is  relatively 
magnesian  (Mg/[Mg  -f  Fe]  —  0.56)  and 
rich  in  chrome  (Cr/[Cr  +  Al  +  Fe3+]  = 
0.63).  Apparently,  the  only  other  chro- 
mian  spinel  from  kimberlite  that  has 
been  analyzed  is  a  xenocryst  from  the 
Qaqa  pipe  (Nixon,  von  Knorring,  and 
Rooke,  1963).  The  Qaqa  spinel  is  rich  in 
Ti02  (11.4  wt  %)  and  is  thus  very  dif- 
ferent from  this  Wesselton  chromite.  The 
Wesselton  chromite  has  some  resem- 
blance to  a  group  of  Mg-rich  and  Cr-rich 
chromites  found  as  inclusions  in  natural 
diamonds  (Meyer  and  Boyd,  Year  Book 
68).  The  blebs  of  spinel  that  have  ex- 
solved  from  enstatite  in  this  xenolith  are 
unfortunately  too  fine-grained  to  be 
quantitatively  analyzed  with  the  probe; 
however,  they  are  very  chrome-rich. 

The  vermicular  intergrowths  of  par- 
gasite and  chromite  in  a  symplektite  as- 
semblage suggest  that  these  minerals 
formed  by  reaction  of  preexisting  phases. 
For  example,  Oosterom  (1963)  has  de- 
scribed symplektites  of  enstatite  and 
spinel  in  reaction  coronas  between  grains 
of  olivine  and  plagioclase  in  olivine 
gabbros  from  Stjernoy,  Norway.  Similar 
symplektites  have  been  found  by  War- 
naars  (1967)  in  peridotites  from  Santi- 
ago de  Compostela,  Spain.  Kushiro  and 
Yoder  (1966)  have  discussed  these  py- 
roxene-spinel symplektites  with  consid- 
eration of  experimental  data,  and  they 
suggest  that  the  symplektite  assemblage 
might  form  by  decomposition  of  garnet 
as  well  as  by  reaction  of  olivine  and 
feldspar. 

The  nature  of  the  reaction  that  pro- 
duced the  pargasite-chromite  symplek- 
tites in  the  Wesselton  xenolith  is 
obscure  because  the  reaction  has  gone  to 
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completion  and  only  the  products  re- 
main. Nevertheless,  the  high  Cr  content 
of  the  spinel  suggests  that  the  reactant 
assemblage  did  not  include  feldspar. 
Most  likely  the  parent  rock  was  a  garnet 
lherzolite,  and  the  original  garnet  and 
chrome  diopside  were  consumed  in  the 
reaction  to  form  pargasite  and  chromite. 

The  phases  that  now  comprise  the 
Wesselton  xenolith  are  homogeneous,  and 
it  is  evident  that  this  rock  has  equili- 
brated in  the  presence  of  a  vapor  phase 
under  moderate  P-T  conditions  in  the 
lower  crust  or  at  relatively  shallow 
depths  in  the  mantle.  Experimental  data 
are  insufficient  to  permit  precise  estimate 
of  the  physical  conditions  of  equilibra- 
tion. Absence  of  either  feldspar  or 
garnet  suggests  an  intermediate  pressure 
range,  on  the  order  of  10  kb  (Kushiro 
and  Yoder,  1966).  Use  of  the  olivine- 
spinel  geothermometer  (Jackson,  1969) 
gives  an  equilibration  temperature  near 
1300°C,  but  this  value  is  almost  cer- 
tainly too  high.*  Pure  pargasite  is  stable 
to  moderately  high  temperatures;  its  de- 
hydration curve  intersects  the  solidus  for 
pargasite  composition  at  1040°C  at  Ph2o 
=  Ptotai  =  750  bars  (Boyd,  1959).  The 
texture  of  the  Wesselton  xenolith  sug- 
gests subsolidus  equilibration,  and 
Kushiro  {Year  Book  68)  has  shown  that 
the  solidus  of  natural  lherzolite  in  the 
presence  of  excess  H20  is  near  1000°C 
over  a  wide  pressure  range.  The  low  con- 
tents of  Al  and  Ca  in  the  enstatite  that 
is  intergrown  with  calcic  and  aluminous 
phases  (pargasite  and  spinel)  also  sug- 
gest a  relatively  low  equilibration  tem- 
perature. Probably  the  equilibration 
temperature  was  below  1000° C. 

The  paucity  of  amphibole  in  ultra- 
mafic   xenoliths   in   kimberlite   contrasts 

*  Other  Mg-rich  chromite-olivine  pairs,  such 
as  those  included  in  diamond  (Meyer  and  Boyd. 
Year  Book  68)  and  those  from  xenoliths  in 
basalt  (Ross,  Foster  and  Myers.  1954),  give  high 
equilibration  temperatures,  ranging  up  to 
3000°C.  Apparently  the  thermochemical  data 
on  which  this  thermometer  is  based  are  insuffi- 
ciently accurate  in  the  Mg-rich  composition 
range. 


with  the  greater  abundance  of  amphi- 
bole (e.g.,  kaersutite)  in  xenoliths  in 
basaltic  rocks.  Green  and  Ringwood 
(1967a)  have  suggested  that  the  com- 
pressibility of  H20  at  high  pressures  and 
temperatures  is  sufficient  to  cause  amphi- 
bole dehydration  curves  to  develop  nega- 
tive slopes  in  the  range  above  10  kb. 
Their  prediction  has  received  experi- 
mental support  in  the  studies  of  Gilbert 
{Year  Book  67),  Essene,  Hensen  and 
Green  (1970),  and  Kushiro  {Year  Book 
68).  This  effect  limits  the  depth  in  the 
mantle  at  which  amphiboles  could  crys- 
tallize, and  it  is  probable  that  kimber- 
lites  are  generated  at  depths  below  the 
amphibole  stability  limit. 

Nevertheless,  one  might  expect  that 
erupting  kimberlites  would  have  picked 
up  fragments  of  hornblende  peridotite 
like  the  Wesselton  xenolith  in  the  upper 
levels  of  the  mantle  more  commonly 
than  appears  to  have  been  the  case.  Per- 
haps the  answer  to  this  problem  is  to  be 
found  in  the  mechanics  of  kimberlite 
eruption.  McGetchin  (1970)  has  devel- 
oped a  hydrodynamic  model  for  the  erup- 
tion of  kimberlite  that  predicts  super- 
sonic velocities  for  the  erupting  mixture 
of  gas,  solid  fragments,  and  liquid  (?) 
near  the  earth's  surface.  These  velocities 
are  much  reduced  at  depth,  however,  and 
it  may  be  that  the  capacity  of  a  kimber- 
lite to  erode  its  conduit  walls  is  also  re- 
duced at  depth  in  the  mantle  relative  to 
more  shallow  levels  in  the  crust.  If  so, 
most  of  the  ultramafic  xenoliths  and 
xenocrysts  that  are  included  in  a  given 
kimberlite  may  originate  at  the  same 
depth  as  the  matrix,  and  we  may  not  find 
a  good  sampling  of  the  rocks  in  the  up- 
permost parts  of  the  mantle  through 
which  the  erupting  kimberlite  has  passed. 

Aluminous  Anthophyllite:  The 

MgO-Al2(VSi02-H20  System  at 

850 °C  ANDlOkb 

H.  S.  Yoder,  Jr. 

Some  years  ago  Fawcett  and  Yoder 
{Year  Book  62,  pp.  143-145)  attempted 
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to  investigate  the  stability  relations  of 
aluminous  anthophyllite  but  were 
thwarted  by  problems  of  metastability 
and  complex  solid  solutions  below  the 
solidus.  They  did  produce  an  isothermal, 
isobaric  section  of  the  MgO-Al203-Si02- 
HoO  system  at  900  °C  and  PH2o  =  10  kb 
and  noted  the  absence  of  aluminous  an- 
thophyllite at  the  liquidus  and  in  that 
section.  Later  studies  at  the  same  water 
pressure  on  the  diopside-pyrope  system 
(Yoder,  Year  Book  69,  pp.  176-181) 
yielded  a  two-amphibole  region;  one 
amphibole  was  interpreted  as  aluminous 
anthophyllite.  Its  stability  field  extended 
from  820°  to  870  °C  for  the  pyrope  com- 
position and  up  to  910°C  for  Ca-bearing 
compositions.  Previously  Schreyer  (Year 
Book  66,  pp.  388-389)  obtained  an  alu- 
minous anthophyllite  ("Mg-gedrite") 
"only  at  pressures  between  11  and  20  kb 
and  at  temperatures  in  the  range  850- 
900°C."  Schreyer  and  Seifert  (1969,  p. 
428)  later  reported  that  "Mg-gedrites  as 
well  as  their  Al-free  equivalent  antho- 
phyllite appear  to  break  down  to  other 
hydrous  assemblages  at  pressures  in  the 
range  15  to  20  kb.  The  presumed  stability 
field  of  the  gedrites  at  lower  pressures 
ranges  from  about  800°  to  910°C,  de- 
pending on  pressure."  They  indicated 
that  the  maximum  A1203  content  was 
close  to  13  wt  %  even  though  complete 
reactions  were  not  obtained.  Run  times 
did  not  exceed  63  hours  in  solid-media, 
high-pressure  apparatus.  It  appeared  to 
be  useful,  therefore,  to  attempt  again  to 
outline  the  field  of  stability  of  aluminous 
anthophyllite  in  the  MgO-Al203-Si02- 
H20  system  at  a  somewhat  lower  tem- 
perature than  that  tried  by  Fawcett  and 
Yoder  and  with  much  longer  run  times 
than  those  used  by  Schreyer  and  Seifert. 
The  preliminary  interpretation  of  the 
runs,  ranging  from  3  to  10  days  in  dura- 
tion, is  displayed  in  Fig.  19.  Runs  were 
made  on  glasses,  their  crystallized  equiv- 
alent compositions,  glasses  or  crystal- 
lized glasses  mixed  with  cristobalite,  and 
synthetic  talc,  in  internally  heated,  gas- 


media  apparatus  (Yoder,  1950).  No 
seeding  was  employed.  The  presence  of 
liquids  at  run  conditions  was  deduced 
from  the  quench  products  talc,  chlorite, 
montmorillonite,  and  occasionally  glass 
and  the  two  broad  humps  in  the  "back- 
ground" of  the  powder  X-ray  diffraction 
patterns  attributed  to  silicate  glasses. 
Duplicate  runs  did  not  yield  the  same 
quench  products  and  initially  caused 
some  confusion  in  interpretation.  Meta- 
stable  products  were  common,  so  equi- 
librium assemblages  were  deduced  from 
time  studies  and  checked  for  consistency 
with  contiguous  assemblages. 

The  principal  changes  occurring  be- 
tween 900°  and  850  °C  appear  to  be  the 
formation  of  kornerupine  and  aluminous 
anthophyllite.  Kornerupine  forms  at  the 
expense  of  aluminous  enstatite,  cordie- 
rite,  and  sapphirine.  Aluminous  antho- 
phyllite develops  at  the  expense  of  alu- 
minous enstatite  and  cordierite.  The 
products  of  the  two  runs  lying  in  the 
aluminous  enstatite-aluminous  antho- 
phyllite field  were  at  first  considered  to 
be  the  result  of  nonequilibrium;  that  is, 
the  aluminous  enstatite  was  a  precursor 
to  the  complete  growth  of  aluminous 
anthophyllite  or  was  a  leach  product 
resulting  from  the  loss  of  silica  to  the  gas 
phase.  Other  run  assemblages  indicated 
that  the  aluminous  anthophyllite  grow- 
ing could  not  be  wholly  described  by  the 
substitution  of  2A1  -»  MgSi  but  required 
3Mg  ->  2A1  as  well.  The  two  types  of 
substitution  are  displayed  by  dotted 
lines  in  Fig.  19.  The  field  of  aluminous 
anthophyllite  is  not  believed  to  be  well 
defined  even  though  the  figure  displays 
the  observed  assemblages.  Longer  runs 
and  allowance  for  leaching  will  most 
likely  lead  to  a  closely  similar  diagram 
without  resort  to  the  3Mg  — »  2A1  type  of 
solid  solution  in  the  aluminous  antho- 
phyllite. Al-free  anthophyllite  was  not 
found  to  be  stable  at  850 °C  and  10  kb. 
Talc  was  very  slow  to  break  down ;  how- 
ever, the  amount  of  enstatite  +  quartz 
increased  with  run  duration.  Three  elec- 
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Fig.  19.  A  preliminary  section  of  the  MgO-Al203-Si02-H20  system  at  850°C  and  10  kb.  Extent  of 
solid  solutions  is  estimated  from  electron  probe  data  or  from  the  constraints  of  pertinent  tie  lines. 
Phases  in  parentheses  are  absent.  Al-Anth,  aluminous  anthophyllite ;  Am,  amesite;  Anth,  antho- 
phyllite ;  Cd,  cordierite ;  Chi,  clinochlore ;  Cor,  corundum ;  En,  enstatite ;  Fo,  forsterite ;  Kor,  korne- 
rupine;  L,  liquid;  Py,  pyrope;  Qz,  quartz;  Sap,  sapphirine;  Sil,  sillimanite;  Sp,  spinel;  Tc,  talc. 
All  assemblages  coexist  with  an  H^O-rich  gas  phase.  An  X  represents  those  compositions  in  which 
crystalline  phases  +  gas  were  obtained;  an  encircled  X,  those  in  which  liquid  was  also  believed 
to  be  present.  Dotted  lines  indicate  possible  solid  solution  in  anthophyllite  toward  Mg4Al2Sis022 
(OH),  and  Mg5Ar4Si6022(OH)2. 


tron  probe  determinations  suggest  that 
the  A1203  content  of  the  aluminous  en- 
statite is  about  10  wt  %.  The  korneru- 
pine  composition  as  determined  by 
electron  probe  is  close  to  the  4:3:4  com- 
position for  the  assemblages  of  three 
crystalline  phases. 

It  is  evident  that  a  further  drop  of 
50  °C  will  produce  other  drastic  changes 
in  the  section.  Talc,  chlorite,  and  yoder- 
ite  are  to  be  expected  as  stable  phases  at 
800 °C  and   10  kb;  however,  aluminous 


anthophyllites  will  probably  be  relegated 
to  the  water-deficient  (gas-absent)  re- 
gion, where  metastability  is  an  even 
greater  problem. 

Reconnaissance  runs  on  the  true  Na- 
bearing  gedrites  as  defined  by  Robinson 
et  al.  (1969)  have  not  been  productive, 
yielding  a  montmorillonite-like  phase 
probably  formed  from  Na-phlogopite 
(Carman,  1969).  It  is  interesting  to  note 
that  amphiboles  lying  in  a  quadrilateral 
derived  from  the  substitutions  of  NaAl 
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-»  Si  and  2A1  — >  MgSi  in  anthophyllite 
would  break  down  at  1  atm  successively 
into  the  assemblages  obtained  at  in- 
variant points,  G,  F,  and  E  of  the 
flow  diagram  for  Na20-MgO-Al203-Si02 
(Schairer,  Year  Book  56,  p.  221).  These 
points  would  probably  involve  the  phases 
albite,  cordierite,  enstatite,  and  quartz 
at  G;  albite,  cordierite,  enstatite,  and 
forsterite  at  F;  and  albite,  cordierite, 
forsterite,  and  spinel  at  E  if  phase  equi- 
libria were  obtained  at  low  temperatures. 

Amphibole  Phase  Relations  along 

the  Join  Mgs.sFea.sSigOMCOEO'a- 

Ca2Mg2.5Fe2.5Si8022  (OH)  2 

Kenneth  L.  Cameron 

Coexisting  amphiboles  are  common  in 
many  metamorphic  terranes,  but  until 
recently  little  was  known  regarding  their 
specific  chemistry  because  of  difficulties 
encountered  in  obtaining  separates  of  the 
individual  amphiboles  for  chemical  anal- 
ysis. The  problem  was  eliminated  with 
the  advent  of  the  electron  microprobe, 
and  numerous  microprobe  analyses  have 
documented  the  compositional  gaps  in 
the  amphiboles  (Klein,  1968).  In  addi- 
tion, combined  microprobe  and  single- 
crystal  studies  have  now  established  that 
many    reportedly    "twinned"    amphibole 


crystals  are  not  twinned  but  contain  ex- 
solution  lamellae  of  a  second  amphibole 
(Ross,  Papike,  and  Weiblen,  1968). 

The  compositions  of  some  of  these  co- 
existing amphiboles  can  be  depicted  in  a 
quadrilateral  (Fig.  20)  analogous  to  the 
familiar  pyroxene  quadrilateral.  The 
three  series  of  amphiboles  that  can  be 
represented  in  this  quadrilateral  are  (1) 
the  Ca-rich  monoclinic  amphiboles  trem- 
olite-ferrotremolite,  (2)  the  Ca-poor 
monoclinic  amphiboles  cummingtonite- 
grunerite,  and  (3)  the  Ca-poor  ortho- 
rhombic  amphiboles  anthophyllite-ferro- 
anthophyllite.  In  the  following  discussion 
actinolite  refers  to  the  intermediate 
Fe-Mg,  Ca-rich  amphiboles  and  cum- 
mingtonite  refers  to  the  complete  series 
of  monoclinic  Ca-poor  amphiboles.  Both 
anthophyllite  and  cummingtonite  are 
stable  at  intermediate  Fe-Mg  ratios,  but 
neither  pure  Fe  anthophyllite  nor  pure 
Mg  cummingtonite  has  been  synthesized 
or  found  in  nature. 

The  compositions  of  coexisting  Ca-rich 
and  Ca-poor  amphiboles  that  contain 
less  than  2  wt  %  A1203  and  1.8  wt  % 
MnO  are  shown  in  Fig.  20.  It  may  be 
noted  that  they  define  a  miscibility  gap 
similar  to  the  two-pyroxene  field  in  the 
pyroxene  quadrilateral. 

Coexisting  Ca-poor  amphiboles  (cum- 
mingtonite-anthophyllite)  have  also  been 


Ca7Si8022(0H), 


Ca2Mg5Si8022(OH) 


Ca?Fe=Si„0„(OH)„ 


Mg7Si8022(OH)2 


lole   per  cent 


Fe7Si8022(OH)2 


Fig.  20.  Coexisting  Ca-rich  and  Ca-poor  amphiboles  from  Klein  (1968).  Tie  lines  connect  co- 
existing phases.  Dashed  line  indicates  the  join  studied  experimentally,  Mga.sFes.sSisC^COH^-Ca! 
Mg2..-Fe2..-Sis022(OH)2.  Symbols:  circles,  anthophyllites;  squares,  cummingtonites-grunerites;  tri- 
angles, tremolites-actinolites.  Total  Fe  is  assumed  to  be  FeO.  Klein  (1968,  Figs.  3b  and  7b)  has 
demonstrated  the  effect  of  ¥e>0.\  on  the  tie  lines.  In  general,  if  Fe203  is  subtracted  from  both  anal- 
yses, the  calcic  amphibole  becomes  relatively  more  enriched  in  magnesium. 
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reported  (e.g.,  Klein,  1968,  p.  323,  assem-  that  the  assemblage  fayalite-magnetite- 

blage  6-1),   and   some   controversy   has  quartz-H20  was  present, 

arisen  concerning  their  phase  relations.  Three   amphiboles   with    intermediate 

Some  investigators  (Eskola,  1950,  p.  733;  Fe-Mg  ratios — anthophyllite,  cumming- 

Boyd,  1959,  p.  390)  have  believed  that  in  tonite,  and  actinolite — have  been  synthe- 

the  compositional  range  where  both  am-  sized  in  this  study.    Cummingtonite  and 

phiboles   are  stable,  the  two   are  poly-  actinolite    form    small    needles    a    few 

morphs.    Others    (Layton   and   Phillips,  micrometers   long,   and   they   are  indis- 

1960,  p.  660;  Schurmann,  1968,  p.  259)  tinguishable   optically.     Each,   however, 

have  concluded  that  a  small  amount  of  can  be  recognized  on  X-ray  diffractom- 

calcium   is   necessary   to   stabilize   cum-  eter  tracings  by  the  position  of  its  310 

mingtonite.  reflection    (310    actinolite,    28.5°  ;*    310 

Because  the  compositions  of  coexisting  cummingtonite,  29.1°*).    The  131  reflec- 

amphiboles  may  be  useful  in  estimating  tion    (near    26.0°*)    of    the    monoclinic 

temperatures    of    metamorphism,    much  amphiboles  distinguishes  them  from  an- 

interest  has  developed  concerning  their  thophyllite.  Anthophyllite  forms  narrow 

phase   relations    and   paragenesis.    This  bladed  crystals  up  to  20  /xm  long.  It  can 

experimental   study,  therefore,  was  un-  be  recognized   optically   by  its   straight 

dertaken   with  two  primary  objectives:  extinction  and  on  X-ray  diffractometer 

(1)  to  determine  the  amount  of  solution  tracings  by  the  presence  of  the  251  re- 

between  coexisting  Ca-rich  and  Ca-poor  flection  at  31.6°.* 

amphiboles  as  a  function  of  temperature  The    amphiboles    synthesized    in    this 

and  (2)  to  elucidate  the  phase  relations  study  are  too  small  for  electron  micro- 

between  cummingtonite  and  anthophyl-  probe  analyses;  therefore,  the  composi- 

lite.  Because  a  join  with  an  intermediate  tions  of  amphiboles  in  multiphase  assem- 

Fe-Mg  ratio  was  required   in   order  to  blages  must  be  determined  by  indirect 

satisfy    the    latter    objective,    the    join  methods.     Present    data    indicate    that 

Mg^r>Fe3.5Si8022(OH)2-Ca2Mg2.5Fe2  5Si8  there  is  a  linear  relationship  between  the 

022(OH)2   was   chosen   for   study    (Fig.  calcium  content  and  the  c?i0o  of  the  clino- 

20) .    Compositions   along   this   join  are  amphiboles    synthesized    in    this    study, 

abbreviated  henceforth  as  mole  percent-  The  calcium  content  of  the  clinoamphi- 

ages  of  the  calcic  end-member  actinolite  boles  is  reported  as  mole  percentage  of 

(e.g.,  Actg.O.  The  actual  compositions  of  actinolite,  Ca2(Mg,Fe)  5Si8022  (OH)  2,  and 

all    amphiboles    in    multiphase    assem-  the  compositions  estimated  on  the  basis 

blages  will  lie  off  this  join  because  Fe  of  c?i0o  are  believed  to  be  accurate  within 

and    Mg   generally    are   not    distributed  ±3-4   mole   %    actinolite.    The   Fe-Mg 

equally  between  coexisting  phases   (e.g.,  ratios  of  minerals  in  multiphase  assem- 

Fig.  20).  blages  have  not  been  determined. 

All  runs  were  made  at  PH2o  =  2  kb  A  preliminary  phase  diagram  for  the 

and  at  oxygen  fugacities  defined  by  the  Join     Mg8.5Fe3.5Si8022(OH)2-Ca2Mg2.5 

fayalite-magnetite-quartz    (FMQ)    buf-  Fe2.5Si8022(OH)2   is   shown   in   Fig.   21. 

fer.    Starting  material  for  these  experi-  Most  runs  that  were  made  on  glass  or 

ments  consisted  of  oxide  mixes,  glasses,  oxide    starting    materials    between    the 

and  crystalline  multiphase  assemblages,  temperatures  of  about  550°   and  775°C 

Runs  were  2  to  3  weeks  in  duration,  and  yielded  mixtures  of  amphibole(s)  +  an- 

most   charges   were   rerun   at  the   same  hydrous  Phases.   When  the  charges  were 

temperature  several  times.   At  the  com-  rerun  at  the  same  temperatures,  the  am- 

pletion  of  each  run  the  charges  were  ex-  Phlbole(s)  usuallY  grew  at  the  expense  of 

amined  by  X-ray  and  optical  methods,  the  anhydrous  Phases.   Charges  were  re- 

and  the  buffers  were  checked  to  verify  *  20  Cu  Ka  radiation. 
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Fig.  21.  Preliminary  phase  diagram  for  the  join  Mg.i..-,Fe3.5Si80-(OH)o-Ca2Mg2.5Fe2.5Si8022(OH): 
+  excess  H20  at  Ph2o  =  2  kb.  All  assemblages  are  in  equilibrium  with  a  vapor  phase.  Abbrevia- 
tions: Anth,  anthophyllite ;  Act,  actinolite;  Cum,  cummingtonite ;  Cpx,  clinopyroxene ;  Opx,  ortho- 
pyroxene  ;  Qtz,  quartz.  Subscript  ss  denotes  solid  solutions. 


run  until  they  reached  apparent  equi- 
librium, that  is,  no  change  with  time,  and 
some  accumulated  total  run  times  of  over 
100  days.  Ca-poor  charges  (less  than 
about  25  mole  %  actinolite)  generally 
yielded  >97%  amphibole(s)  in  60  days 
or  less  when  run  at  temperatures  where 
amphibole(s)  alone  are  stable.  In  Ca- 
rich  charges,  however,  the  amphiboles 
have  little  tendency  to  grow  at  the  ex- 
pense of  anhydrous  phases. 

The  upper  boundary  for  the  field 
Anthss  shown  in  Fig.  21  is  only  about 
35  °C  lower  than  the  equilibrium  curve 
for  the  reaction  pure  Mg  anthophyllite 
— >  enstatite  +  quartz  +  H20  at  Ph2o  = 
2  kb  determined  by  Greenwood  (1963, 
Fig.  1) .  The  runs  in  the  fields  Anthss  and 


Anthss  -f-  Cumss  (Fig.  21)  have  produced 
>99%  amphibole(s),  but  the  amphi- 
bole(s)  grew  at  the  expense  of  an  assem- 
blage that  contained  olivine,  not  ortho- 
pyroxene.  Other  experiments  in  this 
study  have  demonstrated  that  the  stable 
breakdown  assemblage  of  anthophyllite 
with  an  Fe-Mg  ratio  of  1:1  is  orthopy- 
roxene  +  quartz  -f-  H2O;  therefore,  the 
minimum  stability  of  this  anthophyllite 
has  not  been  established  conclusively. 
Runs  with  the  objective  of  reversing  the 
phase  boundaries  involving  calcium-poor 
amphibole(s),  pyroxene (s),  and  quartz 
are  in  progress. 

Runs  above  575  °C  in  the  field  Actss  + 
Cumss  (Fig.  21)  have  produced  >97% 
amphibole  at  the  expense  of  clinopyrox- 
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ene  +  quartz.  The  runs  shown  in  those 
fields  that  contain  amphibole(s)  +  Py- 
roxene (s)  +  quartz  (Fig.  21)  represent 
charges  that  contain  80%  or  less  amphi- 
bole(s)  and  that  have  been  rerun  until 
they  have  reached  apparent  equilibrium. 
Runs  shown  in  the  fields  Opxss  +  QXZ 
and  Cpxss  +  Opxss  +  Qtz  are  the  results 
of  synthesis  experiments  from  oxide 
mixes. 

A  field  of  Actss  +  Cpxss  +  Qtz  may 
separate  the  fields  of  Actss  and  Actss  + 
Cumss  +  Qtz  (Fig.  21),  but  it  has  not 
been  possible  to  establish  the  boundaries 
of  the  field  with  certainty  because  of  the 
metastable  persistence  of  clinopyroxene 
and  quartz  at  low  temperatures  where 
actinolite  alone  is  presumably  stable.   A 


seeded  run  on  the  bulk  composition 
Actioo  produced  about  90%  actinolite  + 
10%  clinopyroxene  and  quartz  in  2  weeks 
at  550  °C.  The  actinolite  showed  no  fur- 
ther growth  when  rerun  at  the  same 
temperature.  In  the  field  Actss  -f-  Cpxss 
+  Qtz  the  amphibole  is  enriched  in  the 
cummingtonite  component  relative  to  the 
bulk  composition  of  the  charge. 

A  comparison  of  the  breakdown  prod- 
ucts of  tremolite,  actinolite,  and  ferro- 
tremolite  is  of  interest.  Boyd  (1959,  p. 
383)  demonstrated  that  tremolite  breaks 
down  to  clinopyroxene  +  orthopyroxene 
+  quartz  +  H2O,  and  Ernst  (1966,  p. 
57)  found  that  ferrotremolite  decom- 
poses to  clinopyroxene  +  fayalite  + 
magnetite  +  quartz  +  H20  at  oxygen 
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Fig.  22.  Compositions  of  amphiboles  in  multiphase  assemblages.  Crosses  indicate  the  bulk  com- 
position and  temperature  of  runs.  Arrows  are  drawn  from  the  crosses  to  circles  that  indicate  Ca 
content,  i.e.,  mole  percentage  of  actinolite,  Ca2(Mg,Fe) .-.SisCMOH^,  of  the  amphibole(s).  Ca  con- 
tent was  estimated  from  dioo,  and  the  uncertainty  is  ±3-4  mole  %. 
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fugacities  defined  by  the  FMQ  buffer. 
This  study  indicates  that  with  increasing 
temperature  actinolite  is  lost  by  a  reac- 
tion to  clinopyroxene  +  cummingtonite 
+  quartz  +  H2O.  This  reaction  has 
been  documented  in  natural  assemblages 
by  Kranck  (1961,  p.  156,  Fig.  9;  p.  161). 
Small  changes  in  the  amount  of  cal- 
cium significantly  affect  the  amphibole 
assemblages  on  the  Ca-poor  side  of  Fig. 
21.  An  intermediate  Fe-Mg  anthophyl- 
lite  is  the  only  amphibole  that  has  been 
synthesized  on  the  bulk  composition  Act0. 
At  Act2.s  anthophyllite  and  cumming- 
tonite coexist,  and  cummingtonite  is  the 
only  amphibole  present  at  Actio  (1.3  wt 
%   CaO).    Apparently,  at  intermediate 


Fe-Mg  ratios  in  the  system  CaO-MgO- 
FeO-Si02-H20,  calcium  is  necessary  to 
stabilize  cummingtonite. 

A  wide  miscibility  gap  separates  cum- 
mingtonite and  actinolite  at  2  kb.  Figure 
22  shows  the  relationship  between  the 
run  temperature  and  the  calcium  content 
of  the  clinoamphiboles  estimated  from 
dioo-  No  change  is  apparent  in  the  cal- 
cium content  of  the  cummingtonite  in  the 
fields  Actss  +  Cumss,  Actss  +  Cumss  + 
Cpxss  -J-  Qtz,  and  Cumss  +  Cpxss  -f  Qtz. 
However,  the  calcium  content  of  actino- 
lite in  the  field  Actss  +  Cumss  appears  to 
decrease  regularly  from  500°  to  600 °C. 
Above  600  °C  in  the  field  Actss  +  Cumss 
+  Cpxss  +  Qtz  the  calcium  content  of 


Ca7Si8023 


Ca2Mg5Si8023 


Ca2Fe5Si8023 


Mg7Si8023 


Fe7Si8023 


Fig.  23.  Phase  relations  for  a  portion  of  the  system  CaO-MgO-FeO-Si(VH,0  at  650° C  and  Ph8o 
=  2  kb.  Anhydrous  compositions  are  plotted  and  all  assemblages  coexist  with  a  vapor  phase. 
Dashed  line  indicates  the  projection  of  the  join  Mg3.5Fe3.r,Sis022(OH)2-Ca2Mg2.5Fe2.5Sis022(OH)i. 


150 


CARNEGIE     INSTITUTION 


the  actinolite  appears  to  remain  constant. 
The  compositions  of  coexisting  amphi- 
boles  in  the  field  Actss  -j-  Cumss  shown 
in  Fig.  22  suggest  that  the  cumming- 
tonite  limb  of  the  solvus  is  practically 
vertical  whereas  the  actinolite  limb  has 
a  significant  slope.  Ross,  Papike,  and 
Shaw  (1969,  p.  290),  in  a  study  of  co- 
existing cummingtonites  from  the  Ruby 
Mountains  of  Montana,  also  concluded 
that  the  solvus  was  asymmetric  with  a 
very  steep  cummingtonite  limb. 

Isothermal,  isobaric  sections  for  a 
portion  of  the  system  CaO-MgO-FeO- 
Si02-H20  can  be  constructed  from  the 
phase  relations  shown  in  Fig.  21.  One  of 
these  diagrams  is  shown  in  Fig.  23.  The 
Fe-Mg  content  of  coexisting  phases  in 
this  study  has  not  been  determined,  but 
the  slopes  of  the  tie  lines  have  been 
drawn  consistent  with  Fig.  21. 

In  summary,  the  preliminary  results 
of  this  study  suggest  that  the  assemblage 
Actss  +  Cumss  may  be  useful  as  a  geo- 
thermometer,  and  it  appears  that  some 
calcium  is  necessary  to  stabilize  inter- 


mediate Fe-Mg  cummingtonites.  In  ad- 
dition, it  has  been  established  that  cum- 
mingtonite is  one  of  the  breakdown 
products  of  actinolite. 

Refinement  of  the  Crystal  Structure 
of  Two  Synthetic  Fluor-Richterites 

Maryellen  Cameron  and  G.  V.  Gibbs* 

A  crystal  chemical  study  of  synthetic 
richterites  (Na2CaMg5.JFe;rSi8022F2)  was 
undertaken  (1)  to  determine  the  dis- 
tribution of  Fe2+  and  Mg  among  the 
M(l),  M(2),  and  M(3)  sites  and  (2)  to 
establish  the  effects  of  substituting  Fe2+ 
for  Mg  on  the  unit  cell  parameters  and 
the  steric  details  of  the  amphibole  struc- 
ture. The  crystals  studied  were  synthe- 
sized from  oxide  mixes  heated  to  near 
liquidus  temperatures  in  a  Pt-wound 
quenching  furnace  and  cooled  slowly  at 
the  rates  given  in  Table  7  with  a  motor- 
driven  Variac.  The  Fe-bearing  mix  was 
sealed  in  double  platinum  capsules  with 

*  Virginia  Polytechnic  Institute  and  State 
University. 


TABLE  7.   Experimental  Details  on  Richterite  (Na2CaMgr,-J-Fe^Si8022F2) 


Synthesis 

Mix  composition 

x  =  0 

z  =  2.5 

Cooling  range 

1170°-1000°C 

1050°-880°C 

Cooling  rate 

5°C/hr 

5°C/hr 

Crystal  Data 

Amphibole 

Na(Nao.,Cao.r,)2Mg,Sis022F;! 

Na(Nao.r,iCao.4.-,Feo.o4).(Mgo.69Feo.:?2)5Si7.)>-022F25is 

composition 

a.  A 

9.824(3)t 

9.846(2) 

b,A 

17.968(3) 

18.019(3) 

C.A 

5.263(1) 

5.274(3) 

P,° 

104.22(1) 

104.25(1) 

U,A3 

900.6(4) 

906.9(6) 

H,  cm-1 

11.19 

22.80 

Crystal  size 

0.15  X  0.08  X  0.06  mm 

0.10  X  0.06  X  0.04  mm 

No.  of  \F0\  >4<t|f„| 

959 

971 

Unweighted  Ri 

0.085 

0.093 

Weighted  #§ 

0.053 

0.073 

Octahedral  site 

M(l)=M(2)=M(3)  =  1.0Mg 

M'l)  =  0.80(2)  Mg  +  0.20Fe 

occupancies 

M(2)=  0.48(2)  Mg  +  0.52Fe 
M  (3)=  0.85(5)  Mg  +  0.15Fe 

*  Composition  determined  by  electron  microprobe  analysis. 

t  Estimated  standard  deviations  are  given  in  parentheses  and  refer  to  the  last  digit. 

^Conventional  R  factor  =  2||F0[  —  \Fc\\fZ\F0\. 

§  Weighted  R  factor  =  tLw{\FA  -  \FAYI?,wFo*V'2. 
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a  metallic  iron  buffer  to  inhibit  oxidation 
of  the  sample.  This  mix  was  not  con- 
verted to  100%  amphibole,  and  the  com- 
position of  the  amphibole  studied  was 
determined  by  electron  microprobe  anal- 
ysis. The  amphibole  crystals  synthe- 
sized ranged  up  to  4  mm  in  length. 

The  cell  parameters  of  the  crystals 
were  calculated  from  data  collected 
along  [100],  [010],  and  [001]  with  the 
Picker  four-circle,  single-crystal  dif- 
fractometer  at  Virginia  Polytechnic  In- 
stitute and  State  University  and  are 
given  in  Table  7  along  with  their  esti- 
mated standard  deviations.  The  dif- 
fractometer  settings  were  computed  with 
Prewitt's  GSET4  program,  and  about 
1200  intensity  data  were  automatically 
collected  for  both  crystals;  Nb-filtered 
Mo  radiation  and  a  PHA  set  to  accept 
about  95%  of  the  scattered  radiation 
were  used.  A  program  prepared  by  C.  T. 
Prewitt  was  used  to  reduce  the  data,  and 
structural  amplitudes  less  than  four 
times  their  estimated  standard  deviations 
were  removed  prior  to  the  refinements. 
No  corrections  were  made  for  primary 
and  secondary  extinction  or  for  absorp- 
tion effects.  An  isotropic  least-squares 
refinement  of  the  structures  in  space 
group  02/ra  was  performed  using  the 
structural  data  of  potassic  richterite 
(Papike,  Ross,  and  Clark,  1969)  as  start- 
ing parameters,  neutral  atom-scattering 
factors  (Doyle  and  Turner,  1968),  unit 
weights,  and  the  ORFLS  program  (Bus- 
ing, Martin,  and  Levy,  1962).  It  was 
assumed  that  the  A  site  in  both  structures 
was  completely  occupied  by  Na.  Occu- 
pancy of  the  M  (4)  site  was  assumed  to  be 
Cao.45Nao.51Feo.04  for  the  Fe-bearing 
richterite  and  Cao.sMg0.5  for  the  Mg 
richterite.  The  random  distribution  of  Fe 
and  Mg,  which  was  assumed  in  an  initial 
refinement  of  the  Fe-bearing  richter- 
ite, resulted  in  relatively  high  (>1.2) 
temperature  factors  for  M(l)  and  M(3) 
atoms  and  a  low  one  (<0.1)  for  M(2) 
site   atoms.    These   temperature    factors 


suggest  that  the  M(2)  site  contains  more 
Fe  than  was  proposed  in  the  initial 
model,  and  accordingly  a  site  refinement, 
for  which  L.  W.  Finger's  RFINE  program 
was  used,  indicated  an  enrichment  of  Fe 
in  the  M(2)  site  relative  to  M(l)  and 
M(3)  (Table  7).  This  redistribution  of 
Fe  in  the  octahedral  sites  was  accom- 
panied by  a  significant  decrease  in  the  R 
factor. 

After  convergence,  the  structural  am- 
plitudes were  weighted  according  to  a 
scheme  devised  by  Hanson  (1965),  which 
gives  less  weight  to  the  relatively  inaccu- 
rate weak  reflections  and  the  very  strong 
ones  that  are  often  affected  by  extinc- 
tion. Positional  parameters  determined 
from  the  isotropic  refinements  were  used 
in  Busing,  Martin,  and  Levy's  (1964) 
ORFFE  program  to  calculate  the  inter- 
atomic distances  and  angles  given  in 
Tables  8  and  9.  Anisotropic  refinement 
of  both  structures  is  planned. 

Discussion  of  Preliminary  Results 

The  general  structure  of  clinoamphi- 
boles  is  well  known,  and  the  reader  is 
referred  to  Papike,  Ross,  and  Clark 
(1969)  for  details.  Figure  24  shows  the 
structure  of  richterite  projected  down  c. 
The  nomenclature  of  the  atoms  is  given 
in  the  upper  left  corner,  and  the  z  frac- 
tional coordinates  are  given  in  the  upper 
right.  It  may  be  recalled  that  the  coordi- 
nation polyhedra  about  M(l)  and  M(3) 
consist  of  four  nonbridging  oxygen  atoms 
and  two  fluorine  anions,  whereas  that 
about  M(2)  consists  of  six  nonbridging 
oxygen  atoms. 

Unit  cell  parameters  of  both  richterites 
are  given  in  Table  7.  The  change  in  cell 
parameters  when  Mg  is  replaced  by  Fe2+ 
is  as  expected,  i.e.,  the  cell  edges  and  unit 
cell  volume  increase.  The  constant  (3 
angle  suggests  that  the  M(4)  site  occu- 
pancy is  essentially  identical  in  the  two 
amphiboles  (Whittaker,  1960). 

An  examination  of  the  dimensions  of 
the  Si  (1)  and  Si  (2)  tetrahedra  for  both 
richterites  reveals  that  they  are  statis- 
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TABLE  8. 


Atoms 


Selected  Interatomic  Distances  in 
Richterite,  A 


TABLE  9.   Selected  Interatomic  Angles  in 
Richterite,  degrees 


Mg  Richterite 


Fe-Bearing 
Richterite 


Atoms 


Si(l)  tetrahedron 
Si(l)-0(1) 
Si(l)-0(5) 
Si(l)-0(6) 
Si(l)-0(7) 
Mean 

0(l)-0(5) 

0(l)-0(6) 

0(l)-0(7) 

0(5)-0(6)t 

0(5)-0(7)t 

0(6)-0(7)t 

Si(2)  tetrahedron 
Si(2)-0(2) 
Si(2)-0(4) 
Si(2)-0(5) 
Si(2)-0(6) 
Mean 

0(2)-0(4) 

0(2)-0(5) 

0(2)-0(6) 

0(4)-0(5) 

0(4)-0(6)t 

0(5)-0(6)t 

M(l)  octahedron 
M(l)-0(1) 
M(l)-0(2) 
M(l)-F 
Mean 

M(2)  octahedron 
M(2)-0(l) 
M(2)-0(2) 
M(2)-0(4) 
Mean 

M(3)  octahedron 
M(3)-F 
M(3)-0(l) 
Mean 

M(4)  polyhedron 
M(4)-0(2) 
M(4)-0(4) 
M(4)-0(5) 
M(4)-0(6) 
Mean 

M-M  distances 
M(l)-M(l) 

M(l)-M(2) 
M(l)-M(3) 

M(l)-M(4) 
M(2)-M(4) 


1.582(6)* 

1.625(6) 

1.641(7) 

1.636(3) 

1.621 

2.695(8) 

2.661(9) 

2.663(8) 

2.654(11) 

2.570(6) 

2.622(8) 

1.625(6) 
1.578(5) 
1.658(7) 
1.681(6) 

1.636 

2.735(8) 
2.684(9) 
2.673(8) 
2.674(7) 
2.594(7) 
2.633(11) 

2.060(6) 
2.031(6) 
2.069(5) 

2.053 

2.186(6) 
2.059(6) 
2.011(6) 
2.085 

2.028(6) 
2.071(5) 

2.057 


2.405(6) 
2.336(6) 
2.846(6) 
2.582(5) 

2.542 

3.218(8) 
3.077(3) 
3.084(2) 
3.345(5) 
3.161(3) 


1.594(6) 
1.636(7) 
1.624(7) 
1.631(4) 

1.621 

2.702(9) 

2.662(9) 

2.655(9) 

2.633(11) 

2.592(7) 

2.627(8) 

1.626(7) 
1.572(7) 
1.660(8) 
1.674(7) 
1.633 

2.725(8) 

2.687(10) 

2.676(9) 

2.647(9) 

2.579(9) 

2.664(12) 

2.078(7) 
2.036(7) 
2.077(6) 
2.064 

2.212(6) 
2.082(7) 
2.008(7) 

2.101 

2.017(8) 
2.068(6) 
2.051 

2.397(7) 
2.338(6) 
2.851(7) 
2.577(6) 

2.541 


3.277(8) 
3.097(3) 
3.091(2) 
3.339(5) 
3.145(3) 


Mg  Richterite 


Fe-Bearing 
Richterite 


Si(l)  tetrahedron 

0(l)-Si(l)-0(5)  114.3(3)' 

0(l)-Si(l)-0(6)  111.3(3) 

0(l)-Si(l)-0(7)  111.6(3) 

0(5)-Si(l)-0(6)t  108.7(3) 

0(5)-Si(l)-0(7)t  104.0(3) 

0(6)-Si(l)-0(7)t  106.3(4) 

Si (2)  tetrahedron 

0(2)-Si(2)-0(4)  117.3(3) 

0(2)-Si(2)-0(5)  109.7(3) 

0(2)-Si(2)-0(6)  107.9(3) 

0(4)-Si(2)-0(5)  111.4(3) 

0(4)-Si(2)-0(6)t  105.5(3) 

0(5)-Si(2)-0(6)t  104.1(3) 

Chain 

0(5)-0(6)-0(5)  169.1(3) 

Si(l)-0(7)-Si(l)  135.7(5) 

Si(l)-0(5)-Si(2)  134.9(4) 

Si(l)-0(6)-Si(2)  136.8(4) 


113.6(4) 
111.6(4) 
110.8(4) 
107.7(4) 
105.0(4) 
107.6(4) 


116.9(4) 
109.7(4) 
108.3(4) 
110.0(4) 
105.2(3) 
106.1(3) 


169.2(3) 
137.0(6) 
135.2(5) 
137.6(4) 


*  Estimated  standard  deviations  are  given  in 
parentheses  and  refer  to  the  last  digit. 
t  Shared  0-0  distances. 


*  Estimated  standard  deviations  are  given  in 
parentheses  and  refer  to  the  last  digit, 
t  Angle  opposite  shared  edge. 

tically  identical  with  OH  and  F  tremo- 
lites.  Furthermore,  similar  0(5) -0(6)- 
0(5)  angles  suggest  that  the  ditrigonal 
character  of  the  rings  in  the  tetrahedral 
chains  in  hornblendes  is  due  to  tetra- 
hedral aluminum  and  is  not  influenced 
by  A  site  occupancy.  This  observation 
supports  the  statement  by  Papike,  Ross, 
and  Clark  (1969,  p.  134)  that  the  kink- 
ing in  the  aluminous  hornblende  chains 
is  required  to  articulate  the  larger  Al- 
rich  tetrahedra  to  the  octahedral  strip. 
A  site  refinement  of  cations  occupy- 
ing the  octahedral  sites  indicates  that 
M(2)  is  enriched  in  Fe2+  relative  to 
M(l)  and  M(3)  and  that  the  Fe/Mg 
distribution  in  M(l)  and  M(3)  is  identi- 
cal (within  experimental  error) .  The  rel- 
atively larger,  average  M(2)-0  distance 
in  the  Fe-bearing  richterite  also  supports 
this  distribution.  Although  this  result  is 
in  conflict  with  the  Fe2+  distribution  in 
most  Fe/Mg  clinoamphiboles  (Bancroft, 
Burns,    and    Maddock,     1967;     Finger, 


GEOPHYSICAL     LABORATORY 


153 


M(3)  M(l)  M(2) 


M(4) 


73         V22 


Ql 


(^       ^        ^ 


^    ^4 


Fig.  24.  The  richterite  structure  projected  down  c. 


1969) ,  it  is  in  agreement  with  the  results 
of  Papike,  Ross,  and  Clark  (1969,  p.  129) , 
who  reported  that  bond  distances  and 
temperature  factors  in  potassic  richterite 
indicate  that  M(2)  may  be  enriched  in 
Fe2+  relative  to  M(l)  and  M(3).  This 
result  is  also  in  agreement  with  the  results 
of  site  refinements  in  the  humite  minerals 
(Ribbe  and  Gibbs,  1969)  in  which  Fe2+ 
was  found  to  avoid  those  octahedral  sites 
coordinated  by  fluorine.* 

The  x  and  z  parameters  of  the  Na 
atom  in  the  A  site  were  allowed  to  vary 
in  accordance  with  the  split  atom  model 
of  Papike,  Ross,  and  Clark  (1969).  The 
isotropic  temperature  factors  calculated 
for  the  A  site  atom  are  still  relatively 
high,  however,  and  calculation  of  elec- 
tron density  maps  through  the  A  site  is 

*  Experimental  data  on  the  orthopyroxene 
series  (Virgo  and  Hafner,  1969)  and  preliminary 
studies  on  cummingtonite  (Ghose,  Weidner, 
and  Carman,  1970)  have  shown  that  the  extent 
of  ordering  depends  upon  the  temperature  of 
equilibration  of  the  sample.  The  effect  of  the 
synthesis  procedure  on  the  cation  ordering  in 
the  Fe-bearing  richterite  is  not  known,  but  a 
study  of  fluor-richterites  quenched  at  various 
temperatures  would  elucidate  the  role  of  tem- 
perature in  the  Fe/Mg  ordering. 


planned  in  order  to  provide  further  in- 
formation on  the  displacement  of  the  Na 
atom  from  |,0,0. 

The  refinement  of  these  richterites  is 
part  of  a  larger  study  of  the  crystal 
chemistry  of  synthetic  fluor-clinoamphi- 
boles  in  which  the  amphibole  chemistry 
has  been  carefully  controlled.  The  study 
will  provide  a  valuable  insight  into  the 
distortions  arising  within  the  amphibole 
structure  as  a  result  of  various  cation 
substitutions  and  will  also  provide  an  op- 
portunity to  study  the  effects  of  these 
substitutions  on  bonding  within  an  iso- 
structural  series. 

Minerals  of  the  Serpentine  Group 

J.  V.  Chernosky 

Minerals  of  the  serpentine  group  are 
being  studied  experimentally  in  an  at- 
tempt to  elucidate  the  structural,  chemi- 
cal, and  petrologic  relations  between 
chrysotile,  lizardite,  and  antigorite. 

Lizardite-Chrysotile 

At  one  time  antigorite,  lizardite,  and 
chrysotile    were    thought    to    be    poly- 
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morphs  with  the  ideal  formula  Mg6Si4  with  increasing  alumina  content.    Long, 

Oio(OH)8.     Detailed   structural    studies  slender  chrysotile  tubes  become  shorter 

by  Kunze  (1958)  have  shown  that  anti-  and  stubbier  and  the  content  of  lizardite 

gorite  is  not  a  polymorph  of  lizardite  or  increases  with  rising  temperature,  sug- 

chrysotile  because  of  deficiencies  of  MgO  gesting  that  the  change  from  a  tubular  to 

and  H20  in  its  structure.  On  the  basis  of  a  platy  morphology  is  due  to  a  rise  in 

a    statistical    study,   Page    (1968)    con-  temperature. 

eluded  that  chrysotile  and  lizardite  were  The  overall  appearance  of  an  X-ray 
not  polymorphs,  but  rather  members  of  powder  diffraction  pattern  of  a  lizardite- 
two  separate  solid  solution  series ;  the  chrysotile  assemblage  is  a  function  of  the 
lack  of  good  analytical  data  for  lizardite  alumina  content  of  the  charge.  Even 
weakens  Page's  hypothesis.  One  aim  of  though  the  content  of  plates  in  the 
this  study  is  an  experimental  test  of  the  charge  is  significant,  serpentine  crystal- 
hypothesis  that  lizardite  and  chrysotile  lized  from  the  composition  x  —  0  yielded 
form  separate  solid  solution  series.  powder  patterns  with  broad  peaks  simi- 

Six   compositions   based   on  the   ideal  lar  to  those  obtained  from  natural  chrys- 

serpentine  formula   (Mgo-jAU  (Si4-j.Al.,>)  otile.  On  the  other  hand,  phases  crystal- 

Oio(OH)8  are  being  studied  hydrotherm-  lized  from  the  aluminous  compositions, 

ally  at  2,  5,  and  10  kb  along  the  join  Mgfi  x    =    0.20    and    0.25,    yielded    powder 

Si4Oio  ( OH )  s- ( Mg5.75Alo.25 )  (Si3.75Alo.25)  patterns    with    sharp    peaks    similar    to 

Oio(OH)8.     The    starting   materials   are  those    obtained    from    natural    lizardite 

gels  whose  alumina  content  corresponds  even  though  the  content  of  tubes  in  the 

to  x  =  0,  0.05,  0.10,  0.15,  0.20,  and  0.25  charge  is  fairly  high. 

mole  %  A1203  in  the  formula  above.  That  it  was   not  possible  to   resolve 

Ludox,  which  was  used  as  a  source  of  peaks  belonging  to  chrysotile  from  those 

silica,  was  combined  with  nitrate  solu-  belonging  to  lizardite  in  powder  patterns 

tions  of  magnesium,  iron,  and  aluminum  of  the  two-phase   assemblages   suggests 

to  form  a  gel;  the  gel  was  dehydrated  that  the  cell  parameters  and  hence  the 

and  then  fired  to  yield  a  finely  divided,  compositions  of  the  two  phases  are  simi- 

presumably    homogeneous    starting    ma-  lar.    Figure  25  illustrates  the  manner  in 

terial.    The  sodium  content  of  Ludox  is  which  the  cell  parameters  of  a  two-phase 

rather  high,  resulting  in  about  0.6  wt  %  assemblage  vary   as   a   function   of   the 

excess  Na20  in  each  gel.  alumina  content  of  the  charge.   Table  10 

The  stability  of  serpentine  with  the  contains  the  values  for  each  cell  param- 
composition  x  =  0  is  460  °C  at  PH2o  ' — '  eter  as  wTell  as  the  conditions  under 
Ptotai  =  10  kb  and  about  410° C  at  which  each  sample  was  synthesized, 
ftotai  =  2  kb.  The  substitution  of  x  =  Three  complete  oscillations  were  made 
0.25  mole  %  H20  into  serpentine  in-  for  each  sample  with  a  Norelco  high- 
creases  its  stability  by  70 °C  at  each  angle  goniometer  and  Cu  K«  radiation  at 
pressure.  V4°  per  minute  through  the  angular  range 

Examination  of  the  phases  crystallized  10°-65°  20.    The  position  of  each  peak 

within  the  serpentine  stability  field  with  was  adjusted  according  to  a  correction 

an    electron   microscope*    revealed   that  curve  based   on  the   (111),    (220),   and 

tubular    chrysotile    was    the    dominant  (311)     reflections    of    a    CaF2    internal 

phase    but   that   the   content    of   hexag-  standard    previously    calibrated    against 

onally  shaped  lizardite  plates  increased  diamond.    The  peak  positions   for  each 

reflection   were    averaged    and   the    cell 

*  Electron  microscopy  was  performed  under  parameters  were  computed  on  the  basis 

the  expert  guidance  of  Dr.  Kenneth  M.  Towe,  £                 1                 ,u     u       u •          «       -ii     „ 

m    .        Tvf-               t   u      +        q    •,,       ■    '  of  a  one-layer  orthorhombic  cell  with  a 

iLilectron    Microscope   Laboratory,   Smithsonian  J 

Institution.  program     written     by     Appleman     and 
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Fig.  25.  Cell  parameters  for  chrysotile-lizardite  mixtures  as  a  function  of  their  alumina  content. 
Numerical  values  for  the  cell  parameters  and  the  conditions  of  synthesis  for  each  sample  are  given 
in  Table  10.   The  curves  were  determined  by  linear  regression. 


TABLE  10.   Cell  Parameters  for  Synthetic  Serpentine* 


a?t 

T°C 

Time,  hr 

Oo,  A 

b0,  A 

Co,  A 

V,A3 

0.25 

470  ±5 

162 

5.330  ±  0.005 

9.220  ±  0.004 

7.266  ±  0.010 

357.03  ±  0.45 

0.2 

470  ±5 

162 

5.344  ±  0.004 

9.167  ±  0.028 

7.273  ±  0.008 

356.29  ±1.14 

0.15 

433  ±5 

239 

5.349  ±  0.009 

9.223  ±  0.012 

7.280  ±  0.012 

359.177  ±  0.836 

0.1 

433  ±5 

239 

5.359  ±  0.006 

9.090  ±  0.030 

7.299  ±  0.009 

355.53  ±1.27 

0.05 

400  ±5 

238 

5.323  ±  0.007 

9.063  ±  0.024 

7.321  ±  0.010 

353.16  ±1.15 

0 

400  ±5 

238 

5.361  ±  0.008 

9.003  ±  0.034 

7.310  ±  0.014 

352.82  ±1.29 

*  All  compositions  were  recrystallized  at  10  kb.    The  starting  materials  were  serpentine  (chryso- 
tile  and  lizardite)  crystallized  from  a  gel  at  2  kb  for  1  month. 
t  Alumina  content  in  terms  of  x;  see  text. 
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Evans  (1968).  The  cell  parameters  of  morphs;  unfortunately,  the  kinetics  for 
the  two-phase  assemblage  vary  smoothly  the  transition  may  be  so  slow  that  sue- 
over  the  compositional  range  under  in-  cessful  experiments  may  not  be  realized, 
vestigation;  the  only  anomalous  values  An  alternative  way  of  determining  the 
occur  for  samples  with  the  compositions  nature  of  the  two-phase  field  is  to  study 
x  =  0.05  and  0.15.  The  cell  parameters  the  compositions  of  coexisting  phases;  if 
of  other  samples  will  be  determined  in  the  proportions  of  chrysotile  and  liz- 
order  to  correct  the  anomalous  values.  ardite  change  as  a  function  of  tempera- 
There  are  several  possible  explana-  ture  but  the  compositions  remain  identi- 
tions  for  the  coexistence  of  chrysotile  and  cal,  the  phases  are  polymorphs.  If  both 
lizardite.  Natural  lizardite  admits  more  the  proportions  and  compositions  of  the 
iron  and  aluminum  into  solid  solution  coexisting  phases  change  as  a  function 
than  does  chrysotile;  however,  within  the  of  temperature,  the  phases  are  not 
restricted   composition   range   under   in-  polymorphs. 

vestigation,  lizardite  and  chrysotile  may  Owing  to  the  very  fine-grained  nature 
be  polymorphs.  If  the  compositions  of  of  the  synthetic  products,  only  an  in- 
coexisting  tubes  and  plates  are  identical,  direct  means  of  monitoring  possible  corn- 
then  the  observed  transition  from  tubes  positional  variations  in  coexisting  phases 
to  plates  with  rising  temperature  is  poly-  is  possible.  The  variation  in  cell  param- 
morphic  and  the  two-phase  assemblage  eters,  determined  by  electron  diffrac- 
is  metastable  except  along  the  univariant  tion  of  individual  flakes  and  aggregates 
curve.  of  tubes  within  a  two-phase  assemblage, 
Another  interpretation,  which  pre-  is  being  used  to  study  the  compositional 
eludes  the  possibility  of  a  polymorphic  variations  of  coexisting  chrysotile  and 
transition,  is  that  a  solvus  type  of  rela-  lizardite. 
tion  exists  between  chrysotile  and  liz- 
ardite. In  this  situation  the  composition  Antigorite 
of  the  tubes  would  remain  near  MgfiSi4  .  ...  . 
O10(OH)8,  whereas  the  composition  of  .  Rocks  Amirwh!chA  ant[gonte  ls  " 
the  plates  would  be  more  aluminous  than  havf  crystallized  at  higher  metamorphic 
the  bulk  composition  of  the  charge.  The  g^e  than  those  containing  chrysotile 
observed  transition  from  tubes  to  plates  and  hzardlte-  The  reactions  by  which 
could  be  due  to  the  disintegration  of  antigorite  forms  are  unknown.  Hess, 
tubes  coupled  with  the  growth  of  new,  Smith>  and  Deng°  (1952)  suggested  that 
less  aluminous  plates;  this  relationship  antigorite  formation  is  enhanced  in  a 
implies  that  the  solvus  is  highly  asym-  shear  environment.  Page  (1966)  pro- 
metric  with  a  very  steep  limb  near  the  Posed  that  antigorite  forms  by  the  pro- 
composition  Mg6Si4Oi0(OH)8.  The  fact  grade  metamorphism  of  lizardite-chryso- 
that  the  proportion  of  plates  increases  tile  serpentinites  under  conditions  where 
with  rising  temperature  for  the  composi-  Pu2o  <  Ptotai-  Experiments  with  syn- 
tion  x  =  0  implies  that  a  polymorphic  thetic  and  natural  starting  materials  are 
transition  for  the  nonaluminous  composi-  being  performed  to  investigate  the  role 
tion  occurs  but  does  not  exclude  a  non-  of  these  processes  in  antigorite  forma- 
polymorphic  transition  for  the  aluminous  tion. 

compositions.  The  ideal  antigorite  formula,  on  the 

Longer    experiments    are    being    con-  basis    of    structural    studies    by    Kunze 

ducted  to  determine  the  nature  of  the  (1958),   is   Mgs.^eSi^io (OH)  7.294.    The 

two-phase  field.    If  a  complete  conver-  compositions    of   the   two   gels    used    as 

sion  from  tubes  to  plates  can  be  achieved,  starting  material  are:   Mg5.426Si4Alo.4O10 

then   chrysotile   and  lizardite  are  poly-  and  Mg4.g834Feo.5426Si3.8Alo.4O10.    Antigo- 
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rite  was  not  synthesized  from  gel  starting  hira,  Banno,  and  Nishida,  1964;  Harte, 

material   even   when   the   charges   were  1970),   no    systematic    study    has    been 

seeded  with  10%  natural  antigorite  from  made  of  their  conditions  of  equilibrium 

Antigorio,  Italy.   Lizardite  was  the  low-  or  nonequilibrium.    The  purpose  of  the 

temperature  product  of  gels  crystallized  present  study  is  to  determine  the  condi- 

under  hydrostatic  pressures  of  up  to  30  tions  of  equilibrium   or   nonequilibrium 

kb  and  in  an  oscillating  squeezer  press  at  under  which  the  Fe-Ti  oxides  recrystal- 

20  and  30  kb;  forsterite  and  talc,  or  for-  lized,  on  the  basis  of  the  chemical  com- 

sterite,  talc,  and  chlorite  were  the  high-  positions    of    coexisting   oxide    minerals, 

temperature  products.  The  Fe-Ti  oxide  mineral  assemblages  of 

A    mixture    of    lizardite    with    some  200  rocks  have  been  identified  in  polished 

chrysotile    from    Dognaczka,    Hungary,  thin   sections  with   the   ore  microscope, 

was  subjected  to  a  pressure  of  20  kb  in  Fifty  complete  chemical  analyses  of  co- 

an  oscillating  squeezer  press  under  "dry"  existing  minerals  have  been  made  with 

conditions  and  at  Ph2o  ^  ^totai-   In  runs  the  electron  microprobe.   The  geology  of 

of  1  to  3  days'  duration  at  410 °C  liz-  the  area  from  which  the  rocks  were  col- 

ardite    and    chrysotile    remained    unre-  lected  is  well  known  and  has  been  made 

acted;   at  450°C  the  serpentine  assem-  a    classic    of    the    geological    literature 

blage  began  reacting  to  form  talc  and  owing  to  the  work  of  Billings  (1937)  and 

olivine.     The    experiments    demonstrate  Thompson     (Thompson     et    al.,     1968; 

that    lizardite    and    chrysotile    are    not  Thompson  and  Norton,  1968) .  The  evolu- 

readily  converted  to  antigorite  in  either  tion  of  the  New  England  Appalachian 

a  "dry"  or  "wet"  shear  environment.  orogenic  belt  has  recently  been  reinter- 

Antigorite  from  Antigorio,  Italy,  held  preted    in    the    light    of    plate    tectonic 

under  both  "wet"  and  "dry"  conditions  theory    (Bird   and   Dewey,    1970).    The 

at  20  kb  and  410°C  for  4  days,  also  re-  fossil  P-T  grids  determined  by  phase- 

mained  unreacted,  suggesting  that  anti-  equilibrium  studies  of  oxide,  silicate,  sul- 

gorite  is  stable  in  a  shear  environment.  fide,    and    calcareous    minerals    should 

In  conclusion,  preliminary  experiments  provide,  by  comparison  with  calculated 

indicate   that   lizardite,   chrysotile,    and  thermal  regimes,  definitive  tests  of  the 

antigorite  are  stable  in  a  shear  environ-  application  of  plate  tectonic  theory  to 

ment;  there  is  no  reason  to  believe  that  ancient  rocks, 
the    reactions    by    which    antigorite    is 

formed  are  enhanced  by  shear.  Area  and  Rocks  Studied 

The   rocks  studied   include   quartzite, 

Fe-Ti  Oxide  Minerals  and  the  mica  schist>  and  amphibolite  collected  in 

Behavior  of  Oxygen  during  western  New  Hampshire  from  the  area 

Regional  Metamorphism  lying  between  the  towns  of  Hanover  and 

D  Ri  mbl  Littleton.   The  geologic  age  of  the  rocks 

ranges  from  pre-Silurian,  probably  Ordo- 

The   Fe-Ti   oxide   minerals,   found   in  vician,    to    Lower    Devonian     (Billings, 

virtually   all   regionally  metamorphosed  1956) .    All  the  rocks  were   folded   and 

rocks,  are  potentially  of  great  interest  to  regionally  metamorphosed  following  de- 

metamorphic  penologists,   for  their  as-  position  of  the  Lower  Devonian  strata, 

semblages  record  both  the  temperature  The  pre-Silurian  rocks  experienced  fold- 

and   the    chemical   potential    of   oxygen  ing   and   metamorphism   before  the   de- 

(/x02)    that   prevailed    during    metamor-  position   of   the    Silurian    sediments.     A 

phism.    Although  excellent  papers  have  succession  of  metamorphic  mineral  zones 

appeared  on  aspects  of  the  paragenesis  have  been  mapped  in  the  area  that  range 

of  these  minerals  (Chinner,  1960;  Kane-  from  chlorite  zone,  at  lowest  grade,  to 
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sillimanite  zone,  at  highest  grade.  Rocks 
from  the  northern  part  of  the  area  are 
characterized  by  andalusite  in  the  inter- 
mediate grades  of  metamorphism  and 
those  from  the  south  by  kyanite 
(Thompson  and  Norton,  1968;  Rumble, 
Year  Book  69,  Fig.  80) .  The  rocks  crop 
out  in  a  pattern  that  is  the  surface  ex- 
pression of  a  group  of  recumbent  folds 
refolded  by  gneiss  domes  rising  obliquely 
through  the  earth's  crust  (Thompson 
et  al,  1968;  Rumble,  1971).  In  order  to 
avoid  the  problem  of  superimposed  meta- 
morphic  events,  minerals  for  chemical 
analysis  were  selected  from  rocks  of 
Silurian  or  Devonian  age. 

Method  of  Study 

The  chemical  analyses  of  minerals  re- 
ported herein  were  made  with  the  Geo- 
physical Laboratory's  MAC  electron 
microprobe.*  The  data  reduction  and 
matrix  corrections  used  were  those  of 
Boyd,  Finger,  and  Chayes  (Year  Book 
67)  as  modified  by  Hadidiacos,  Finger, 
and  Boyd  {Year  Book  69).  Hematite 
and  ilmenite  grains  commonly  contain 
exsolution  lamellae  of  each  other  too 
small  to  be  resolved  for  individual  anal- 
ysis by  the  microprobe.  To  determine 
the  bulk  compositions  of  single  mineral 
grains  showing  exsolution  lamellae,  a 
beam  diameter  of  20-30  /xm  and  counting 
times  of  50  seconds  were  used,  and 
twenty  measurements  were  made  per 
grain.  Major  element  concentrations  de- 
termined in  this  way  for  adjacent  grains 
in  the  same  thin  section  agree  within 
4-5  relative  wt  %.  Secondary  alteration 
of  the  oxide  minerals  is  characteristic, 
and  efforts  were  made  to  exclude  altered 
grains  from  chemical  analysis.  Mag- 
netite grains  were  analyzed  quantita- 
tively for  the  elements  Mg,  Al,  Si,  Ca,  Ti, 
V,  Cr,  Mn,  Fe,  Ni,  and  Zn,  and  found  to 
be  chemically  homogeneous.  Hematite 
and   ilmenite  grains  were   analyzed   for 

*  Purchased  with   the  assistance  of   the   Na- 
tional Science  Foundation  under  grant  OP  4384. 


the   same   elements   with   the   exception 
of  V. 

Recalculation  of  Microprobe  Analyses 

Microprobe  analysis  gives  the  total 
concentration  by  weight  of  each  analyzed 
cation  irrespective  of  its  valance  state  or 
states.  The  presence  of  elements  of  vari- 
able valance  in  the  Fe-Ti  oxides  requires 
recalculation  of  the  original  microprobe 
analysis  in  order  to  obtain  analyses  rep- 
resentative of  the  true  chemical  composi- 
tion of  the  minerals. 

Of  the  various  recalculation  schemes 
available,  the  one  chosen  was  to  nor- 
malize the  number  of  cations  to  their 
ideal  values  of  2  for  the  rhombohedral 
phase  and  3  for  the  spinels.  The  cations 
present  in  a  given  mineral  are  then  as- 
signed to  various  components.  In  mag- 
netite, Mn  is  assigned  to  MnFe204,  Al  to 
FeAl204,  Si  to  Fe2Si04,  Ti  to  Fe2Ti04, 
and  the  remaining  Fe  to  Fe304.  The 
Fe2+:Fe3+  ratio  is  determined  by  adding 
up  the  numbers  of  these  cations  in  each 
component  and  using  the  result  to  recal- 
culate the  microprobe  analysis  in  terms 
of  FeO  and  Fe203.  The  success  of  the 
recalculation  may  be  judged  from  the 
histogram  of  Fig.  26.  Cation-deficient 
magnetites  correspond  to  those  whose 
oxides  total  less  than  100%,  and  oxygen- 
deficient  magnetites  correspond  to  those 
totaling  more  than  100%.  In  view  of  the 
uncertainty  in  the  total  iron  determina- 
tion of  2-3  relative  wt  %,  none  of  the 
magnetites  are  detectably  cation  or  oxy- 
gen deficient.  The  rhombohedral  phases 
are  recalculated  similarly.  Mn  is  as- 
signed to  MnTi03,  Al  to  FeA103,  Si  to 
FeSi03,  the  remaining  Ti  to  FeTi03,  and 
the  remaining  Fe  to  Fe203. 

X-Ray  Diffraction  Studies 

In  order  to  characterize  the  proper- 
ties of  the  hematite-ilmenite  exsolution 
intergrowth  more  completely,  X-ray 
diffraction  studies  were  begun.  Powder 
diffraction     patterns     of     separates     of 
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Fig.  26.  Histogram  of  the  oxide  sums  of  all 
magnetite  analyses.  Magnetite  analyses  recal- 
culated according  to  method  described  in  text. 

ilmeno-hematite*  grains  show  broad 
peaks  corresponding  to  the  positions  of 
titanhematite  peaks.  The  positions  of 
the  peaks  show  a  systematic  shift  that 
parallels  the  variation  in  bulk  composi- 
tion of  the  ilmeno-hematite  grains  meas- 
ured with  the  microprobe.  Ilmeno-hema- 
tite grains  found  to  be  most  FeTi03-rich 
with  the  microprobe  have  larger  unit  cell 
volumes    than    those    less    FeTi03-rich. 

*  The  textures  of  the  oxide  minerals  are  com- 
plex, and  in  the  interest  of  avoiding  excess 
verbiage,  the  terminology  of  Buddington,Fahey, 
and  Vlisidis  (1963)  has  been  adopted  to  describe 
the  mineral  intergrowths.  A  glossary  of  the 
terminology  follows: 

Ferrianilmenite,  a  one-phase  mineral  grain 
consisting  of  ilmenite  with  varying  quantities  of 
FeL.0:i  as  well  as  other  components  dissolved 
in  it. 

Titanhematite,  a  one-phase  mineral  grain  con- 
sisting of  hematite  with  varying  quantities  of 
FeTiOs  as  well  as  other  components  dissolved 
in  it. 

H emo-ilmenite ,  a  two-phase  mineral  grain 
consisting  of  ferrianilmenite  containing  exsolu- 
tion  lamellae  of  titanhematite. 

Ilmeno-hematite,  a  two-phase  mineral  grain 
consisting  of  titanhematite  containing  exsolu- 
tion  lamellae  of  ferrianilmenite. 


Single-crystal  X-ray  diffraction  studies 
are  in  progress,  with  the  help  of  L,  W. 
Finger,  to  measure  the  unit  cell  sizes  of 
the  ferrianilmenite  exsolution  lamellae 
included  in  ilmeno-hematite  grains. 

Fe-Ti  Oxide  Mineral  Assemblages 

The  Fe-Ti  oxide  mineral  assemblages 
fall  into  two  groups  according  to  whether 
the  assemblages  are  found  in  quartzites 
or  amphibolites  and  mica  schists.  The 
quartzites  contain  oxide  mineral  assem- 
blages that  are  more  oxidized  than  those 
found  in  amphibolites  and  mica  schists. 

Oxidized  mineral  assemblages  are  re- 
stricted to  the  Silurian  Clough  forma- 
tion, which  consists  of  quartzite,  quartz- 
mica  schist,  current-bedded  quartzite, 
and  quartz  conglomerate.  The  oxidized 
assemblages  occur  interlayered  with  each 
other  in  individual  outcrops  and  scat- 
tered along  the  strike  of  the  Clough  for- 
mation for  50  miles.  Assemblages  found 
in  the  rocks  of  the  Clough  formation 
include  titanhematite-magnetite,  ilmeno- 
hematite  —  magnetite,  ilmeno-hematite  - 
hemo-ilmenite-magnetite,  hemo-ilmenite 
-magnetite,  and  ferrianilmenite-magnet- 
ite.  The  two-phase  mineral  grains  of 
ilmeno-hematite  and  hemo-ilmenite  are 
believed  to  have  resulted  from  cooling 
and  exsolution  of  one-phase  grains  of 
titanhematite  and  ferrianilmenite,  re- 
spectively. According  to  this  interpre- 
tation, the  bulk  compositions  of  ilmeno- 
hematite  and  hemo-ilmenite  grains  in 
contact  with  each  other  represent  the 
binodal  compositions  of  titanhematite 
and  ferrianilmenite  on  the  ilmenite- 
hematite  solvus  at  the  conditions  of  crys- 
tallization. The  assemblage  rutile-mag- 
netite  has  also  been  observed,  but  its 
textural  relations  are  complex.  Rutile  is 
observed  to  form  thin  selvages  between 
grains  of  ilmeno-hematite  and  magnetite. 
This  intergrowth  may  be  the  result  of 
the  reaction  ilmenite  lamellae  -f-  hema- 
tite host  =  rutile  -f-  magnetite  proceeding 
as  grains  of  ilmeno-hematite  in  contact 
with  magnetite  are  cooled.  The  magnet- 
ite  porphyroblasts    of   these    rocks    are 
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euhedral  and  may  reach  Vs  inch  in  diam- 
eter. The  hematite  and  ilmenite  grains 
are  rectangular  in  cross  section,  measur- 
ing up  to  40  X  90  /xm;  their  longest  di- 
mension shows  a  preferred  orientation 
that  is  parallel  to  the  schistosity  defined 
by  mica  grains. 

Reduced  oxide  mineral  assemblages 
are  found  in  the  rocks  of  the  Ordovician 
Ammonoosuc  volcanics  and  the  Lower 
Devonian  Littleton  formation.  The  Am- 
monoosuc volcanics,  consisting  of  amphi- 
bolite  and  quartz-feldspar  gneiss,  under- 
lie the  Clough  formation.  Rocks  of  the 
Littleton  formation,  chiefly  mica  schist 
and  quartz-mica  schist,  overlie  the 
Cough  formation.  Assemblages  of  fer- 
rianilmenite  and  rutile-ferrianilmenite, 
as  well  as  assemblages  of  pyrite,  pyrrho- 
tite,  and  chalcopyrite,  occur  in  the  am- 
phibolites  of  the  Ammonoosuc  volcanics; 
graphite  has  not  been  found  in  these 
rocks.  Rocks  of  the  Littleton  formation 
contain  assemblages  of  ferrianilmenite 
and  rutile-ferrianilmenite;  graphite  and 
pyrrhotite  are  usually  present.  Fer- 
rianilmenite occurs  as  rectangular  grains 
in  polished  section  of  up  to  30  X  60  /xm, 
whose  longest  dimension  lies  parallel  to 
the  schistosity  defined  by  mica  grains. 
Pyrrhotite  occasionally  is  found  as  inclu- 
sions in  ferrianilmenite.  Graphite,  where 
present,  is  disseminated  throughout  the 
silicate  minerals  of  the  rock. 

Secondary  alteration  of  the  oxide  min- 
erals is  common.  Magnetite  is  usually 
marginally  altered  to  hematite,  and 
where  alteration  is  complete,  forms 
martite  pseudomorphs.  Ferrianilmenite 
may  be  partially  or  wholly  altered  to 
granular  aggregates  of  rutile  and  hema- 
tite, a  texture  characteristic  of  "beach 
sand  alteration"  (Jensen,  1967).  Titan- 
hematite  shows  no  alteration,  but  occa- 
sionally the  exsolution  lamellae  of  fer- 
rianilmenite in  ilmeno-hematite  grains 
appear  to  have  suffered  beach  sand 
alteration.  The  intensity  of  secondary 
alteration  varies  greatly  between  dif- 
ferent parts   of   a   single   polished   thin 


section.  It  may  be  seen  in  outcrop  that 
intense  secondary  alteration  is  localized 
along  joints.  Of  the  silicates  only  biotite 
is  altered  to  goethite  along  cleavage 
cracks;  the  other  silicates  usually  show 
no  traces  of  alteration.  Secondary  al- 
teration of  the  type  described  has  been 
observed  in  mining  districts  where  it  is 
limited  to  the  surface  zone  of  weathering 
(Miles,  1946;  Richards,  1966).  It  is  con- 
cluded that  the  alteration  of  the  oxide 
minerals  is  the  result  of  chemical 
weathering. 

Phase  Equilibria 

The  Fe-Ti  oxide  minerals  analyzed 
with  the  electron  microprobe  in  this 
study  lie  almost  wholly  within  the  sys- 
tem Fe-Ti-Mn-0  (Table  11).  With  the 
exception  of  Mn,  the  low  concentrations 
of  elements  other  than  Fe  and  Ti  in  these 
minerals  set  them  apart  distinctly  from 
the  oxide  minerals  of  igneous  rocks 
(compare  Carmichael,  1967;  Anderson, 
19686;  Smith  1970).  Manganese  is  pres- 
ent as  a  major  constituent  in  ferrianil- 
menite (up  to  7.4  wt  %  MnO).  Ferrianil- 
menite also  contains  trace  amounts  of 
Mg,  Al,  Si,  and  Cr.  Titanhematite  may 
contain  up  to  0.8  wt  %  MnO  and  also 
contains  traces  of  Al,  Si,  and  Cr.  Mag- 
netite is  nearly  pure  Fe304  and  may  con- 
tain up  to  0.4  wt  %  MnO  with  trace 
amounts  of  Al,  Si,  Ti,  V,  Cr,  and  Ni. 

The  composition  relations  of  coexisting 
oxide  minerals  are  shown  in  Figs.  27,  28, 
and  29.  The  minerals  analyzed  and  pro- 
jected on  the  plane  Fe-Ti-0  in  Fig.  27 
are  from  the  kyanite-staurolite  zone  and 
were  collected  from  the  Clough  forma- 
tion. Magnetite  is  nearly  pure  Fea04  in 
the  projection.  The  ilmenite-hematite 
solvus  is  asymmetric  toward  FeTiOa-rich 
compositions;  the  binodal  compositions, 
in  projection,  are  Ilm30Hem7o  and  Ilm90 
Hemio-  That  the  quoted  binodal  com- 
positions have  real  significance  is  sup- 
ported by  the  observation  that  no 
two-phase  assemblage  of  titanhematite- 
(ilmeno-hematite)— magnetite     or     ferri- 


GEOPHYSICAL     LABORATORY  161 

TABLE  11.  Representative  Analyses  of  Fe-Ti  Oxide  Minerals  from  the  Kyanite-Staurolite  Zone 


Ferrian- 

Ilmeno- 

Ilmeno- 

Hemo- 

Magnetite 

ilmenite 

Magnetite 

hematite 

Magnetite 

hematite 

ilmenite 

66-24C 

66-24C 

70-1761 

70-1761 

68-20A 

68-20A 

68-20A 

MgO 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.05 

AI2O3 

0.25 

0.11 

0.10 

0.12 

0.14 

0.48 

0.34 

Si02 

0.17 

0.30 

0.09 

0.06 

0.09 

0.32 

0.28 

CaO 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

Ti02 

0.08 

49.2 

0.03 

11.4 

0.03 

14.2 

46.1 

V02 

0.18 

n.a.t 

0.16 

n.a. 

0.15 

n.a. 

0.00 

Cr203 

0.03 

0.00 

0.02 

0.01 

0.06 

0.05 

0.01 

MnO 

0.00 

2.14 

0.39 

0.36 

0.00 

0.32 

2.25 

FeO* 

31.3 

42.4 

30.6 

10.0 

31.3 

12.8 

39.4 

Fe203* 

67.9 

4.3 

67.8 

77.1 

68.6 

71.2 

10.1 

NiO 

0.06 

0.00 

0.06 

0.00 

0.06 

0.00 

0.00 

ZnO 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

Totals 

99.97 

98.45 

99.25 

99.05 

100.43 

99.37 

98.53 

*  Total  iron  recalculated  to  Fe2+  and  Fe3+ ;  see  text. 
t  n.a.,  not  analyzed. 


anilmenite—  (hemo-ilmenite)  —magnetite 
plots  within  the  three-phase  field  defined 
by  the  bulk  compositions  of  ilmeno-hem- 
atite  and  hemo-ilmenite  grains  in  contact 
with  each  other  and  with  magnetite. 
Oxide  mineral  assemblages  collected 
from  the  Clough  formation  in  the  lower 
sillimanite  zone  have  the  same  composi- 
tional characteristics  as  those  from  the 
kyanite-staurolite  zone  (Fig.  28) . 

The  reduced  oxide  assemblages  of  the 
mica  schists  and  amphibolites  are  more 
abundant  than  the  oxidized  assemblages 
of  the  Clough  formation,  although  the 
number  of  analyses  completed  does  not 
reflect  this  fact.  Ferrianilmenite  from  a 
sillimanite  zone  mica  schist  of  the  Little- 
ton formation  containing  pyrrhotite  and 

FeTi03 


graphite  plots  as  the  most  FeTi03-rich 
rhombohedral  phase  analyzed  (Fig.  28) ; 
a  ferrianiljnenite  from  a  mica  schist  col- 
lected in  the  same  area  and  containing 
rutile,  pyrrhotite,  and  graphite  plots  as 
the  next  most  FeTi03-rich  rhombohedral 
phase  (Fig.  28). 

In  Fig.  29  are  shown  analyses  of  min- 
eral assemblages  collected  from  the 
Clough  formation  in  the  kyanite-stauro- 
lite zone  plotted  on  plane  sections  of  the 
system  Fe-Ti-Mn-O.  Figure  29a  is  a 
plane  section  which  contains  analyses  of 
rhombohedral  phases;  Fig.  29b  contains 
analyses  of  spinel  phases.  Preferential 
substitution  of  Mn  in  ferrianilmenite 
(hemo-ilmenite)  with  respect  to  both 
titanhematite      (ilmeno-hematite)      and 
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Fig.  27.  Compositions  of  Fe-Ti  oxide  minerals  projected  on  a  portion  of  the  plane  Fe-Ti-O. 
Tie  lines  connect  compositions  of  coexisting  minerals.  The  mineral  assemblages  plotted  were  col- 
lected from  outcrops  of  the  Clough  formation  in  the  kyanite-staurolite  zone. 
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Fig.  28.  Compositions  of  Fe-Ti  oxide  minerals  projected  on  a  portion  of  the  plane  Fe-Ti-O. 
Tie  lines  connect  compositions  of  coexisting  minerals.  The  mineral  assemblages  plotted  were  col- 
lected from  outcrops  of  the  Clough  formation  and  the  Littleton  formation  in  the  lower  sillimanite 
zone. 


magnetite  is  clearly  shown  (Fig.  29a,b). 
It  may  be  seen  that  magnetites  in  con- 
tact with  titanhematites  (ilmeno-hema- 
tites)  contain  less  Ti  and  more  Mn  than 
those  in  contact  with  ferrianilmenite 
(hemo-ilmenite).  No  detectable  Mn  has 
been  found  in  magnetites  in  contact  with 
ferrianilmenites  (hemo-ilmenites) ,  but 
these  magnetites  are  the  most  titanifer- 
ous  ones  analyzed.  Magnetites  coexisting 
with  both  ilmeno-hematite  and  hemo- 
ilmenite  grains  contain  no  Mn  but  are 
slightly  more  titaniferous  than  those  in 
contact  with  titanhematite  (ilmeno- 
hematite)  alone. 

Magnetites  in  contact  with  ferrian- 
ilmenite (hemo-ilmenite)  appear  to  be 
enriched  in  Al  with  respect  to  those  in 
contact  with  titanhematite  (ilmeno- 
hematite)  .  Mg  has  been  detected  only  in 
ferrianilmenite;  Ni  is  present  only  in 
magnetite.  Cr  and  Si  show  no  consis- 
tent pattern  of  partition  between  the 
oxide  minerals. 

The  analyses  plotted  in  Fig.  29b  show 
that  magnetite's  composition  varies  ac- 
cording to  whether  it  is  in  contact  with 
grains  of  titanhematite  (ilmeno-hema- 
tite) or  ferrianilmenite  (hemo-ilmenite). 


The  rhombohedral  phases  show  con- 
sistent partition  of  Mn  between  them- 
selves, and  their  analyses  do  not  violate 
the  solvus  defined  by  the  bulk  composi- 
tions of  ilmeno-hematite  and  hemo- 
ilmenite  grains  in  contact  with  each  other 
(Figs.  27,  28,  29a).  Primary  assemblages 
of  rutile-magnetite  are  not  present,  but 
assemblages  of  hematite-ilmenite  are 
frequently  observed.  It  is  concluded  that 
the  Fe-Ti  oxide  minerals  were  in  chemi- 
cal equilibrium  during  metamorphism  in 
the  rocks  studied.  The  volumes  of  rock 
throughout  which  equilibrium  was  at- 
tained are  limited  in  size  by  the  thick- 
ness of  sedimentary  beds,  which  varies 
from  *4  to  6  inches.  The  extent  of  the 
volume  of  equilibration  parallel  to  the 
bedding  surfaces  is  not  known. 

Comparison  with  Experimental  Studies 

The  phase  equilibria  of  the  natural 
assemblages  described  above  do  not  cor- 
respond precisely  to  those  determined  in 
the  laboratory.  The  ilmenite-hematite 
solvus  determined  by  Carmichael  (1961) 
at  1  atm  total  pressure  is  slightly  asym- 
metric toward  Fe203-rich  compositions 
(Fig.  30).  D.  H.  Lindsley  (personal  com- 


163 


FeTiO-. 


0.9 


0.8  0.7  0.6  0.5  0.4  '  0.3  0.2 

Mole   fraction    FeTi03 

.0.014 


Fe90 


2U3 


0.002 


-□ 


0.010       0.008       0.006 

Mole  fraction  Fe2TiC>4 


b,e,  ,  F  gj^k,. 

0.004       0002 


Fe304 


Fig.  29.  Compositions  of  Fe-Ti  oxide  minerals  projected  on  plane  sections  of  the  tetrahedron 
Fe-Ti-Mn-O.  Coexisting  minerals  are  labeled  with  the  same  letter  symbol  (A).  Triangles  identify 
magnetite-titanhematite  or  magnetite-ilmeno-hematite  assemblages ;  circles  identify  magnetite-il- 
meno-hematite-hemo-ilmenite  assemblages;  squares  identify  magnetite-ferrianilmenite  or  magne- 
tite-hemo-ilmenite  assemblages,  (a)  Compositions  of  rhombohedral  phases  projected  on  the  tri- 
angle FeTi03-MnTi03-Fe203.  The  MnTi03  corner  of  the  triangle  is  not  shown,  (b)  Compositions 
of  spinel  phases  projected  on  the  triangle  MnFe204-Fe2Ti04-Fe304.  The  portion  of  the  triangle 
adjacent  to  the  Fe304  corner  is  shown. 


munication,  1971)  has  succeeded,  how- 
ever, in  dissolving  30  mole  %  of  FeTi03 
in  titanhematite  at  600  °C  and  2  kb;  this 
value  corresponds  exactly  to  the  binodal 
composition  measured  in  natural  assem- 
blages. Redetermination  of  the  ilmenite- 


hematite  solvus  is  evidently  required  be- 
fore the  discrepancies  can  be  resolved. 

The  partition  of  Fe  and  Ti  between 
magnetite  and  rhombohedral  phases  in 
natural  assemblages  does  not  correspond 
to  that  measured  in  the  laboratory.  The 
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Fig.  30.   Umenite-hematite  solvus  recalculated  from  the  data  of  Carmichael  (1961)  for  pressures 
of  1  and  10  kb. 


Fe-Ti  partitioning  calculated  on  the 
basis  of  Carmichael's  (1961)  solvus  and 
Lindsley's  experiments  (Year  Book  62) 
indicates  that  magnetite  should  show 
wider  variation  in  its  Ti  content  than  is 
observed  in  natural  assemblages  (com- 
pare Figs.  27  and  28  of  this  report  with 
Fig.  43,  Rumble,  Year  Book  69).  This 
discrepancy  may  in  part  be  attributed  to 
the  uncertainties  in  the  determination  of 
the  ilmenite-hematite  solvus.  The  uncer- 
tainty in  the  position  of  the  magnetite- 
ferrianilmenite  tie  lines  measured  by 
Lindsley  (Year  Book  62)  also  contrib- 
utes to  the  discrepancy.  Lindsley  (Year 
Book  61,  Fig.  35)  dissolved  only  1  mole 
%  Fe2Ti04  in  magnetite  in  contact  with 
ilmenite  on  the  nickel-nickel  oxide  buffer 
at  550  °C  and  2  kb  but  he  dissolved  82 
mole  %  Fe304  in  ulvospinel  under  the 
same  conditions.  The  calculated  phase 
diagram  for  the  system  Ti02-Fe2Ti04- 
Fe304  (Rumble,  Year  Book  69,  Fig.  44) 
shows  that  rutile-magnetite  tie  lines  are 
stable  with  respect  to  hematite-ilmenite 
ones;  these  phase  compatibilities  are  not 
those  observed  in  nature. 

The  presence  of  Mn  in  the  natural 
mineral  assemblages  contributes  to  the 
discrepancy   between  their  phase   equi- 


libria and  phase  equilibria  measured  in 
the  laboratory.  The  effect  of  preferential 
substitution  of  Mn  in  ferrianilmenite  is 
to  increase  its  field  of  stability  with  re- 
spect to  those  of  titanhematite  and  mag- 
netite. The  magnitude  of  this  effect  is 
unknown  and  must  be  determined  ex- 
perimentally before  this  source  of  dis- 
crepancy can  be  evaluated. 

Conditions  of  Metamorphism 

In  view  of  the  discrepancies  between 
the  phase  equilibria  of  natural  oxide 
mineral  assemblages  and  mineral  stabili- 
ties measured  in  the  laboratory,  it  is 
impossible  to  determine  exactly  the  con- 
ditions under  which  the  rocks  were  meta- 
morphosed. Nevertheless,  it  may  reason- 
ably be  inferred  that  the  minerals 
studied  crystallized  at  temperatures  of 
less  than  600°C  and  that  the  chemical 
potential  of  oxygen  in  the  assemblages 
ranged  in  value  from  that  appropriate  to 
the  hematite-magnetite  buffer  to  that  of 
the  wiistite-magnetite  buffer. 

Behavior  of  Oxygen  during  Regional 
Metamorphism 

The  varied  assemblages  of  Fe-Ti  oxide 
minerals  found  in  the  Clough  formation 
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are  in  contrast  to  the  uniform  assem- 
blages of  the  mica  schists  of  the  Littleton 
formation.  None  of  the  assemblages 
analyzed  from  the  Clough  formation  are 
oxygen  buffers,  strictly  speaking,  because 
of  the  presence  of  impurities.  The  three- 
phase  assemblage  magnetite-ferrianil- 
menite-titanhematite  is  univariant  at 
fixed  P  and  T  because  of  the  presence  of 
Mn.  Nevertheless,  it  may  be  inferred  from 
Figs.  27,  28,  and  29,  that  steep  gradients 
in  /xo2  must  have  existed  between  ad- 
jacent sedimentary  beds  of  the  Clough 
formation  during  metamorphism.  The 
uniform,  reduced  assemblages  of  ilmenite 
and  ilmenite-rutile  found  in  mica  schists 
of  the  Littleton  formation  indicate  that 
gradients  in  /x02  between  sedimentary 
beds,  if  present,  were  minor.  The  volume 
of  rocks  belonging  to  the  Littleton  for- 
mation is  several  orders  of  magnitude 
greater  than  that  of  the  underlying 
Clough  formation,  and,  therefore,  the 
capacity  of  the  Clough  rocks  to  oxidize 
their  surroundings  was  overwhelmingly 
exceeded  by  the  capacity  of  the  Littleton 
rocks  to  reduce  theirs.  The  failure  of 
these  rocks  to  attain  equilibrium  with 
respect  to  the  volatile  component  O2, 
whether  by  the  direct  diffusion  of  02  or 
by  the  diffusion  of  H2  in  an  H20-rich 
fluid  phase,  raises  important  questions 
about  the  nature  of  the  fluid  phase  of 
regional  metamorphism.  Answering  these 
questions  depends  on  work  in  progress  on 
assemblages  of  hydrous  silicates,  calc- 
silicates,  and  sulfides  to  determine  the 
conditions  of  equilibrium  or  disequi- 
librium with  respect  to  the  volatile  com- 
ponents H20,  C02,  and  S2. 

High-Temperature  Oxidation  of 
Ilmenite  in  Basalts 

S.  E.  Haggerty 

Primary  ilmenite-hematite  solid  solu- 
tions (ss)  are  ubiquitous  in  igneous  rocks 
and  have  a  widespread  occurrence  in 
subsolidus  oxidation  products  of  mag- 
netite-ulvospinelss  (Buddington  and 
Lindsley,  1964).    High-temperature  oxi- 


dation of  titanomagnetite  (Mag-Ulvss) 
gives  rise  to  rutile  (R),  titan ohematite 
(Hemss),  and  pseudobrookite  (Pbss). 
The  high-temperature  oxidation  classifi- 
cation for  titanomagnetite  (Wilson  and 
Haggerty,  1966;  Watkins  and  Haggerty, 
1967) ,  now  widely  used  in  rock  magnet- 
ism, depends  (1)  on  the  sequential  for- 
mation of  a  series  of  Fe-Ti  oxide  assem- 
blages in  which  rutile  +  titanohematite 
is  an  intermediate  stage  and  (2)  on  the 
fact  that  pseudobrookitess  are  the  end 
products  of  advanced  high-temperature 
oxidation,  in  spite  of  their  experimen- 
tally determined  thermodynamic  insta- 
bility at  lower  temperatures  with  respect 
to  rutile  +  hematite8S  ( Year  Book  68,  p. 
247) .  Determination  of  the  lower  thermal 
stability  limits  of  pseudobrookitess  is 
now  shown  in  this  report  to  have  a  direct 
bearing  on  the  progressive  trends  that 
oxidized  ilmenite  will  follow  under  con- 
ditions of  high  /o2  in  natural  systems. 
Interpretation  of  relevant  experimental 
data  shows  that  the  sequence  of  assem- 
blages that  develop  for  a  given  assem- 
blage is  temperature-dependent.  These 
assemblages  vary  with  the  degree  of 
solubility  that  is  possible  in  the  pseudo- 
brookite series  and  the  degree  of  im- 
miscibility  that  exists  in  the  Ilm-Hemss 
series  at  temperatures  between  600°  and 
900 °C.  As  a  result  of  these  limited  solid 
solubilities,  rutile  +  hematite  forms  a 
distinct  oxidation  assemblage  and  does 
not  necessarily  result  from  the  break- 
down of  Pbss  at  lower  temperatures.  The 
titanomagnetite  oxidation  classification, 
which  was  originally  based  on  textural 
paragenesis,  is  thus  validated  and  is  now 
expanded  to  include  discrete  ilmenite. 

Mineral  Paragenesis 

In  this  study,  the  progressive  stages 
of  oxidation  in  ilmenite  have  been  traced 
(1)  in  single  Icelandic  lavas  that  show 
variable  but  systematic  oxidation  trends 
in  vertical  traverses  (Watkins  and  Hag- 
gerty, 1967) ;  (2)  in  chilled  samples 
drilled  from  the  Makaopuhi  lava  lake, 
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Hawaii  (Sato  and  Wright,  1966) ;  (3)  in 
samples  of  basalt  showing  considerable 
oxidation  variations  over  small  areas 
(100-200  /mi2),  from  the  above  locali- 
ties; and  (4)  in  lamellar  ilmenite  "ex- 
solved"  from  magnetite-ulv6spinelss,  also 
present  in  the  above  material. 

In  all  cases  oxidation  of  the  basalts  is 
deuteric,  and  based  on  the  presence  of 
pseudobrookitess  oxidation  occurred  in 
part  above  600 °C  (Year  Book  68,  p. 
247). 

Six  clearly  defined  assemblages  of 
ilmenite  undergoing  oxidation  have 
emerged  from  an  optical  study  of  the 
above  samples  and  are  illustrated  in  Fig. 
31  A-F;  examples  of  oxidized  ilmenite  in 
titanomagnetite  are  also  illustrated  for 
comparison  (Fig.  31  G-H).  With  in- 
creasing oxidation  the  assemblages  are 
(1)  homogeneous  ilmenite,  (2)  ferri- 
ilmenite  +  crichtonite,*  (3)  ferri-ilmen- 
ite  +  crichtonite  +  titanohematite  + 

*  Crichtonite  (Fe^ieFe^uTieeOieo),  with  a  com- 
position of  15.24%  FeO,  14.82%  Fe203,  69.94% 
Ti02,  was  long  thought  to  be  a  variety  of  ilmen- 
ite but  has  recently  been  shown  by  Hey,  Em- 
brey.  and  Fejer  (1967)  to  be  a  distinct  mineral 
species.  Crichtonite  is  a  relatively  common 
mineral  in  oxidized  basaltic  ilmenite  (Haggerty, 
1971)  but  little  is  yet  known  of  its  thermody- 
namic properties. 


rutile,  (4)  titanohematite  +  rutile,  (5) 
titanohematite  +  rutile  +  pseudobrook- 
itess, (6)  pseudobrookite88  +  (rutile  + 
titanohematite). 

The  high-temperature  oxidation  of 
ilmenite  in  natural  systems  is  not  a 
simple  inversion  process  but  rather  one 
in  which  a  selective  partitioning  and  re- 
distribution of  iron  and  titanium  ions 
takes  place  within  the  crystal.  This  in- 
ternal partitioning,  with  the  addition  of 
oxygen,  gives  rise  to  a  progressive  series 
of  Fe-Ti  oxide  assemblages  upon  which 
the  oxidation  classification  is  based.  The 
Fe-Ti  ratio  of  the  partitioned  phases 
varies  with  the  degree  of  oxidation,  but 
the  bulk  Fe-Ti  ratio  of  each  grain  re- 
mains constant.  Titanium  ions  diffuse 
preferentially  within  the  rhombohedral 
crystal  and  segregate  along  {0001}  and 
{0111}  parting  planes  to  form  oriented 
lamellae  of  crichtonite  (Fig.  31B) ;  Fe2+ 
oxidizes  and  the  host  ilmenite  is  enriched 
in  Fe3+  to  form  ferri-ilmenite.  Titanium 
continues  to  diffuse  as  oxidation  pro- 
ceeds, and  the  lamellar  phase  is  selec- 
tively enriched  in  titanium  and  depleted 
in  iron  until  rutile  is  formed  (Fig.  31C, 
D) ;  at  this  stage  the  host  is  titanohema- 
tite. Subsequent  or  continued  oxidation 
at  high  temperatures  of  this  rutile   + 


Fig.  31.  Photomicrographs  showing  the  progressive  high-temperature  oxidation  of  ilmenite  in 
basalts.  All  photomicrographs  were  taken  with  oil-immersion  lenses  and  polarized  light.  Scale  bar 
=  25/otm.  (A)  Homogeneous  unoxidized  ilmenite.  (B)  Ferri-ilmenite  host  with  fine  lamellae  of 
crichtonite.  Lamellae  parallel  to  {0001}  are  lens-shaped  whereas  those  parallel  to  {0111}  are  sig- 
moidal.  X-ray  scanning  images  are  shown  in  Fig.  32.  (C)  Rutile  lamellae  in  pale,  strongly  aniso- 
tropic titanohematite.  Contrast  with  (B)  above  and  compare  the  electron  scanning  images  for  Fe 
+  Ti  in  Fig.  32.  This  is  a  more  advanced  stage  of  oxidation;  photomicrograph  D  represents  an 
intermediate  stage.  (D)  Complex  intermediate  oxidation  stage  between  ferri-ilmenite  +  crichton- 
ite and  titanohematite  +  rutile.  Crichtonite  (light)  and  rutile  (dark)  occur  as  lamellae  in  the  ferri- 
ilmenite  (dark)-titanohematite  (light)1  host.  (E)  Pseudobrookite  rim  on  rutile  +  titanohematite. 
The  three-phase  location  of  this  assemblage  may  be  deduced  from  the  phase-compatibility  dia- 
grams. Pseudobrookite  is  developing  from  the  rutile  +  hematite  assemblage  and  is  not  decompos- 
ing to  this  assemblage.  (F)  The  end  product  of  high-temperature  ilmenite  oxidation  is  pseudo- 
brookite (gray).  Note  the  fine  bleb-like  inclusions  of  Hem8S  +  R,  and  note  also  that  the  inclusions 
are  disoriented;  compare  with  (C)  and  (E)  above.  (G)  Oriented  lamellae  of  pseudobrookite8S  in 
titanohematite  after  an  original  magnetite8S  +  ilm8S.  The  [111]  form  of  "exsolved"  ilmenite  is 
still  well  preserved.  The  assemblage  represents  the  most  advanced  stage  of  oxidation  in  Ulv-Mag8S. 
(H)  This  stage  precedes  the  formation  of  pseudobrookite.  Original  ilmenite  lamellae  along  [111] 
now  contain  rutile  +  hem8S  and  are  identical  with  photomicrograph  C.  Note  that  the  dark  black 
exsolved  spinels  (Mg,FeAl204)  in  the  magnetite8S  are  oriented  along  [100].  Magnetite8S  appear  to 
be  relatively  stable  but  only  slight  increases  in  T,°C  with  the  availability  of  oxygen  are  sufficient  to 
form  pseudobrookite. 
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Fig.  32.  Electron  scanning  images  (EI)  across  two  intergrowths  of  oxidized  ilmenite.  These 
images  demonstrate  that  a  redistribution  of  Fe  and  Ti  takes  place  with  increasing  oxidation.  Photo- 
micrographs to  the  left  show  a  ferri-ilmenite  +  crichtonite  assemblage  (Fig.  31B)  with  only  small 
differences  being  apparent  in  Fe  and  Ti;  the  lamellae  are  slightly  enriched  in  Ti  and  deficient  in  Fe. 
The  right-hand  assemblage  is  a  rutile  +  titanohematite  intergrowth  (Fig.  31C)  and  is  of  a  higher 
oxidation  state.  The  lenses  are  well  defined,  being  strongly  depleted  in  Fe  and  enriched  in  Ti;  the 
host  shows  the  inverse  relationship. 
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titanohematite  assemblage  (Fig.  31E) 
precipitates  pseudobrookite  solid  solu- 
tions with  minor  concentrations  of  rutile 
and  titanohematite  (Fig.  31F) . 

Analytical  Results 

The  identification  of  all  phases  has 
been  confirmed  by  Debye-Scherrer 
X-ray  powder  patterns;  characteristic 
assemblages  of  the  paragenetic  sequence 
were  extracted  from  the  surfaces  of 
polished  mounts  for  this  purpose. 

Preliminary  electron  probe  analyses 
for  homogeneous  ilmenite  and  for  the  as- 
semblages ferri-ilmenite  +  crichtonite, 
rutile  +  titanohematite,  and  pseudo- 
brookitess  -f  (titanohematite  +  rutile) 
are  presented  in  Fig.  33.  These  assem- 
blages represent  progressive  oxidation 
stages  in  the  ilmenite  classification  and 


are  present  in  a  single,  unique,  Icelandic 
basalt  specimen  (WA  14-1).  Tie  lines 
are  drawn  between  coexisting  phases  in 
Fig.  33,  but  the  intergrowths  are  meta- 
stable  assemblages.  Submicroscopic  in- 
tergrowths of  rutile  in  pseudobrookite 
and  titanohematite  are  common,  and 
meaningful  probe  analyses  are  pre- 
cluded; the  ratio  Fe/(Fe  +  Ti) ,  how- 
ever, coupled  with  the  optical  properties 
and  X-ray  determinations,  is  sufficient  to 
categorize  each  mineral  series  in  the  sys- 
tem. The  range  of  analyses  for  each 
mineral  is  consistently  within  the  limits 
of  a  solid  solution  series  or  within  the 
limits  of  a  single  phase  (e.g.,  crichtonite 
and  rutile).  Qualitative  electron  probe 
X-ray  scanning  images  (Fe,Ti)  for  the 
assemblages  crichtonite  +  ferri-ilmenite 
(Fig.  31B)  and  rutile  +  titanohematite 
(Fig.   31C)    are   illustrated   in   Fig.   32. 
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Fig.  33.  Electron  probe  analyses  of  ilmenite  oxidation  products.  Open  circles  indicate  ranges  of 
compositions  for  Pb8S,  Hemss,  Ilm88,  and  crichtonite.  Full  triangle  indicates  stoichiometric  crich- 
tonite (Hey,  Embrey,  and  Fejer,  1969).  Tie  lines  join  coexisting  phases.  High  solubility  of  iron  in 
rutile  is  not  indicated. 
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These  assemblages  are  pseudomorphs 
after  oxidized  ilmenite.  Crichtonite  and 
rutile  are  clearly  defined  in  the  electron 
images  (EI) ;  the  lamellae  are  selectively 
enriched  in  Ti  and  depleted  in  Fe.  This 
internal  diffusion  and  redistribution  of 
iron  and  titanium  are  progressive  and 
increase  as  a  function  of  oxidation; 
crichtonite  +  ferri-ilmenite,  which  is  the 
lower  oxidation  assemblage,  shows  a 
minimal  degree  of  redistribution,  where- 
as the  segregation  of  Fe  and  Ti  is  almost 
complete  in  the  higher  oxidation  assem- 
blage (rutile  +  titanohematite). 

Experimental  Results 

Phase  relationships  for  the  system 
FeO-Fe203-Ti02  at  1200  °C  (Webster 
and  Bright,  1961)  are  shown  in  Fig.  34. 
Magnetite-ulvospinelss   are   complete 


above  600°C  (Vincent  et  al,  1957), 
ilmenite-hematiteS8  above  950 °C  (Car- 
michael,  1961),  and  the  pseudobrookite 
series  above  1150°C  (Akimoto,  Nagata, 
and  Katsura,  1957).  At  lower  tempera- 
tures Mag-Ulvss  and  the  Ilm-Hemss  are 
respectively  interrupted  by  immiscibility 
gaps.  Experimental  results  on  pseudo- 
brookitess  (Year  Book  68,  p.  247)  show 
that  the  end  members  Fe2Ti05  and 
FeTi205  decompose  at  1140°  ±  10°  C  and 
585°  ±  15  °C  to  rutile  +  ilmenite  and 
rutile  +  hematite,  respectively.  Inter- 
mediate members  break  down  at  800  °C 
to  Ilmss  +  Pbss  +  R  and  at  lower  tem- 
peratures (<750°C)  to  Ilmss  or  Hemss 
+  R.  It  is  evident  from  Fig.  34  that 
FeTi205-rich  members  (and  ilmenite) 
form  at  low  /o2  (10~10-79),  whereas  Fe2 
Ti05  members  (and  hematite)  form  at 
considerably  higher  /o2   (10"°-68).    Ulvo- 


TiO- 


FeTi205 


FeTiO 


Fe2Ti04 


Fe-TiCL 

\\    2       5 


io0-68 


FeO 


Fe304 

Mole  percent 


Fe203 


Fig.  34.  FeO-Fe203-Ti(X  system  at  1200°C  (Webster  and  Bright,  1961).  Continuous  solid  solution 
is  shown  between  FeaTiCX-FesCU  (ulvospinel-magnetite),  FeTi03-Fe203  (ilmenite-hematite),  and 
FeTioCVFe.TiOs  (pseudobrookite  series).  Oxidation-reaction  lines  (dashed)  are  lines  of  equal  Fe:Ti. 
Oxygen  isobars  (IO"068  to  10"10  79)  are  illustrated  for  stable  coexisting  compositions  at  1200 °C. 
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Fig.  35.  (A-D)  Phase  compatibility  diagrams  constructed  from  the  solvus  data  for  ilmenite- 
hematite8S  and  the  decomposition  data  for  the  pseudobrookite  series  at  600°,  700°, 800°,  and  900°C. 
Tie  lines  indicate  the  compositional  limits  of  possible  coexisting  phases.  The  Fea04-Fe2Ti04  series 
is  complete  at  these  temperatures;  ilmenite-hematite  and  the  pseudobrookite  series  are  incom- 
plete between  600°  and  900°C.  Note  the  small  but  definite  solubility  of  FeTi205  in  Fe2Ti05  at 
600 °C.  The  sequence  of  assemblages  that  develop  on  progressive  oxidation  of  a  given  assemblage  is 
found  along  oxidation-reaction  lines  (dashed)  from  the  Ti02-FeO  join  to  the  Ti02-Fe203  join. 
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spinel  (Fe2Ti04)  and  pseudobrookite 
(Fe2Ti05)  have  identical  Fe-Ti  ratios  and 
therefore  fall  along  the  same  oxidation- 
reaction  line  (Fig.  34).  The  oxidation 
line  for  stoichiometric  FeTi03  intersects 
the  pseudobrookite  series  join  at  Pb50 
according  to  the  following  reaction: 

3FeTi03  +  %  02  —  Fe2Ti05  +  FeTi205 

(solid  solution) 

(l) 

Therefore,  compositions  >Pb50  cannot 
form  from  oxidized  FeTi03  because  the 
Fe-Ti  ratio  is  fixed,  unless  part  of  the 
titanium  is  removed  as  a  discrete  phase 
and  the  host  is  enriched  in  Fe3+.  By  the 
same  process,  compositions  <Pb50  (i.e., 
FeTi205  enriched)  can  form  only  if  Fe 
or  Fe2+  is  selectively  removed,  but  this  is 
only  possible  under  reducing  conditions 
and  will  not  be  considered  further.  The 
composition  of  an  Ilm-Hemss  member  re- 
quired to  form  the  end-member  pseudo- 
brookite is  as  follows: 


4FeTi03  +  2Fe203  +  02  =  4Fe2Ti05 

(solid  solution) 

(2) 

The  minimum  temperatures  at  which  re- 
actions 1  and  2  can  take  place  are  750° 
and  585°  ±  15  °C,  respectively. 

Phase-compatibility  diagrams  showing 
the  relationships  for  coexisting  Ilmss, 
Pbss,  and  R  have  been  constructed  from 
the  decomposition  data  for  Pbss  and  the 
solvus  data  for  Ilm-Hemss;  possible  co- 
existing phases  within  the  FeTi03-Fe203- 
Ti02  field  at  600°,  700°,  800°,  and  900  °C 
are  presented  in  Fig.  35A-D.  The  Ilm- 
Hem  solvus  is  symmetrical,  whereas  the 
stable  solubility  of  FeTi205  in  Fe2Ti05 
increases  with  increasing  temperature. 
The  experimentally  determined  solu- 
bility limits  are  shown  as  solid  lines  for 
each  of  the  above  temperatures.  The 
sequence  of  assemblages  that  develop  by 
oxidation  for  a  given  assemblage  at  these 
temperatures  is  determined  by  an  oxida- 
tion-reaction line  of  constant  Fe:Ti;  such 
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lines    are    illustrated    for    ilmenite    and 
ulvospinel  in  each  diagram. 

Progressive  oxidation  of  ilmenite-rich 
solid  solutions  between  600°  and  700  °C 
(Fig.  35A,B)  produces  the  following  se- 
quence of  assemblages:  (1)  Ilmss  +  R> 
(2)  Em..  +  Hemss  +  R,  (3)  Hemss  + 
R,  (4)  Pbss  +  Hemss  +  R,  and  (5)  Pbss 
-J-  R.  The  hematite  component  in  Ilmss 
increases  from  assemblage  1  through  4. 
Reactions  for  assemblages  3,  4,  and  5  are 
as  follows: 

4FeTi03  +  02  =  2Fe203  +  4Ti02     (3) 

2FeTi03  +  Fe203  +  Y2  02  — 

Fe2Ti05  +  Fe203  +  Ti02  (4) 

(solid  solution) 

4FeTiOa  +  02  =  2FeoTi05  +  2Ti02 

(5) 

Inspection  of  Fig.  35A,B  shows  that  if 
primary  ilmenite  is  >Ilm8o  and  complete 
oxidation  takes  place  between  600°  and 
700 °C,  the  end  products  of  oxidation  are 
R  +  Pbss,  and  if  <Ilm8o,  the  phases  are 
Hemss  +  Pbss.  For  Ulvss  the  end  prod- 
ucts are  Pbss  +  Hemss,  which  is  identical 
with  the  assemblage  found  in  nature 
(Fig.  31). 

Ilmenite  oxidized  at  temperatures  be- 
tween 800°  and  900 °C  will  give  the  fol- 
lowing sequence  of  assemblages:  (1) 
Ilmss  +  R,  (2)  Ilm„  +  R  +  Pbss,  (3) 
Ilm-Hemss  +  Pbss,  and  (4)  Pbss  +  R. 

Initial  and  final  assemblages  at  tem- 
peratures between  800°  and  900  °C  are 
similar  to  those  between  600°  and  700 °C. 
The  major  distinction  is  the  earlier  for- 
mation of  Pbss,  which  is  to  be  expected 
because  FeTi205-rich  members  are  stable 
at  higher  temperatures  and  lower  oxygen 
fugacities. 

In  natural  basalts,  oxidation  does  not 
occur  isothermally  but  is  continuous  with 
cooling,  nor  is  the  degree  of  oxidation 
equal  in  various  parts  of  the  lava.  There- 
fore, a  complex  combination  of  the  ideal 
assemblages  listed  above  is  possible,  and 
this  is  precisely  the  observation  that  is 
made.  Crichtonite  has  not  been  consid- 
ered in  the  above  discussion  because  it  is 


unstable  with  respect  to  R  +  Hemss ;  the 
assemblages  given  are  those  forming 
under  equilibrium  conditions  of  fixed  T 
and  /o2-  Nonequilibrium  experiments,  in 
air  at  1  atm,  on  ilmenite  have  been  re- 
ported (Haggerty,  1971) ;  the  oxidation 
assemblage  at  500°  and  600 °C  is  crich- 
tonite +  ilmenitess,  and  at  700 °C,  crich- 
tonite +  rutile  +  hematitess.  Pseudo- 
brookitess  +  rutile  +  (hematitess)  pre- 
cipitate at  higher  temperatures,  and 
crichtonite  is  absent. 

The  ideal  composition  of  crichtonite 
(Fe2+i6Fe3+14Ti660169)  falls  within  the 
equilibrium  phase  area  defined  by  ilmen- 
itess +  hematitess  +  rutile  at  600°C. 
This  region  is  absent  at  higher  tempera- 
tures (800°C)  and  is  replaced  by  ilmen- 
itess +  pseudobrookitess  +  rutile  (Fig. 
35C).  From  these  equilibria  data  and 
the  results  of  the  oxidation  experiments 
on  ilmenite  it  is  apparent  that  crichtonite 
is  unstable  at  high  temperatures.  The 
presence  of  Fe2+,  in  an  oxidizing  environ- 
ment, is  sufficient  to  make  crichtonite 
inherently  unstable  with  respect  to  the 
assemblage  rutile  +  hematite. 

Discussion 

A  consequence  of  the  nonisothermal 
nature  of  deuteric  oxidation  in  volcanic 
rocks  is  that  high-temperature  Pbss  be- 
come unstable  at  lower  temperatures, 
decomposing  to  R  +  Ilmss  (or  Hemss). 
The  finely  textured  and  crystallographi- 
cally  oriented  titanohematite  and  rutile 
lamellae  observed  in  nearly  all  pseudo- 
brookite  crystals  must  result  from  break- 
down on  slow  cooling.  Rims  of  Pbss  that 
develop  along  grain  boundaries  of  titano- 
hematite +  rutile  (Fig.  31)  should  not 
be  confused  with  decomposition  textures ; 
these  rims  develop  as  oxygen  is  added, 
and  the  pseudobrookite  field  is  extended 
from  a  two-phase  to  a  three-phase  field 
(Fig.  35B). 

Interpretation  of  the  electron  probe 
data  (Fig.  33)  is  now  possible  by  use  of 
the  phase-compatibility  diagrams  (Fig. 
35A-D)  ;  the  determined   compositional 
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limits  and  the  pattern  of  tie  lines  indi- 
cate oxidation  temperatures  between 
700°  and  750  °C  for  the  analyzed  sample. 
The  oxide  assemblages  observed  in 
basalts  (Fig.  31)  are  paragenetically 
analogous  to  the  experimentally  deter- 
mined oxidation  trends  that  develop  be- 
tween 600°  and  800°C.  Further  con- 
vincing evidence  in  support  of  these 
temperature  estimates  is  provided  by 
unique    drill-core    material,*    quenched 

*  Dr.  T.  L.  Wright,  U.S.  Geological  Survey,  is 
acknowledged  for  loan  of  material. 


from  the  cooling  magma  of  the  Makao- 
puhi  lava  lake.  In  situ  measurements  of 
oxygen  fugacity  by  Sato  and  Wright 
(1966)  indicate  that  anomalously  high 
oxidation  zones,  considered  to  have 
formed  by  the  semipermeable  membrane 
effect,  develop  between  550°  and  750 °C. 
Examination  of  the  Fe-Ti  oxides  (Figs. 
31  and  36)  shows  that  pseudobrookite  is 
present  in  the  oxidized  zone  and  also  that 
the  oxidation  trend  followed  is  ilmenitess 
->  ferri-ilmenite  +  crichtonite  — >  ferri- 
ilmenite  +  titanohematite  +  crichtonite 
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Fig.  36.  FeO-Fe203  ratio  vs.  depth  from  the  top  of  the  Makaopuhi  lava  lake.  Samples  from  the 
anomalous  zone  of  high  oxidation  and  adjacent  samples  are  shown.  Temperatures  (°C)  are  sample- 
collecting  temperatures,  and  /o2's  (atm)  are  those  measured  in  the  bore  hole.  MC  and  MR  refer 
to  mean  titanomagnetite  and  mean  ilmenite  values  obtained  from  polished  sections ;  these  are  pro- 
portional to  oxidation.  MC  varies  from  1  to  6  and  MR  from  1  to  7  (Haggerty,  1968).  Sample 
numbers  are  given  in  parentheses. 
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+  rutile  -»  titanohematite  +  rutile  — » 
titanohematite  +  rutile  +  pseudobrook- 
itess  — >  pseudobrookitess  +  (rutile  + 
hematitess). 

On  the  mean  ilmenite  (MR)  and  mean 
titanomagnetite  (MC)  oxidation  scales 
sample  11-11,  collected  between  7  and  8 
feet  from  the  surface  of  the  lava  lake  at 
725°-795°C  and  10"5  atm,  is  the  most 
highly  oxidized  (MR  =  3.75,  MC  = 
4.54)  part  of  the  core;  pseudobrookite  is 
present  in  31%  of  the  opaque  grains  and 
is  restricted  to  this  sample.  In  sample 
11-10,  collected  between  6  and  7  feet 
(645°-725°C  and  10"55  atm),  a  lower 
oxidation  assemblage  was  observed  (MR 
=  3.62,  MC  —  4.01)  with  rutile  +  titan- 
ohematite constituting  51%  of  the 
opaque  grains.  An  even  lower  oxidation 
assemblage  occurs  in  sample  11-9  (5—6 
feet,  560°-645°C,  10"6  atm)  with  crich- 
tonite  +  ferri-ilmenite  (60%  of  opaque 
grains)  the  dominant  assemblage  (MR 
=  3.48,  MC  =  3.89).  Ilmenite  is  totally 
unoxidized  in  samples  11-12  and  11-14 
collected  at  10"13  atm  (795°-865°C,  8-9 
feet)  and  10"11  atm  (920°-980°C,  10-11 
feet),  respectively. 

The  optical  classification  is  both  a 
measure  of  the  total  FeO-Fe203  ratio  of 
the  rock  and  of  the  prevailing  /02  at  which 
the  samples  were  collected  (Fig.  36).  The 
unoxidized  samples  occur  between  the 
stability  fields  defined  by  the  MH  and 
FMQ  buffers  (Sato  and  Wright,  1966) 
and  are  within  the  stability  fields  for 
ilmenite  (Webster  and  Bright,  1961 ; 
Carmichael  and  Nicholls,  1967).  Samples 
in  the  oxidized  zone  are  3-5  orders  of 
magnitude  (/02)  above  the  MH  buffer 
and  therefore  well  outside  the  ilmenite 
stability  field  {Year  Book  62,  p.  66).  The 
equilibrium  /02's  at  which  ilmenite  will 
decompose  by  oxidation  to  rutile  + 
hematite  (equation  3)  or  to  pseudo- 
brookite (equation  2)  are  10"11-5  at 
800°C  and  10"8  at  1000°C  (Carmichael 
and  Nicholls,  1967).  The  oxygen  fugacity 
of  samples  from  the  oxidation  zone  is 
high   (, — 105-5  atm),  but  the  differences 


among  samples  (10~5-2  to  10"6  atm)  is 
negligible,  suggesting  that  given  a  highly 
oxidizing  environment,  the  assemblages 
become  temperature-dependent.  This  de- 
pendence is  consistent  with  the  experi- 
mental oxidation  of  ilmenite  and  the 
trends  suggested  by  the  phase-compati- 
bility diagrams  for  equilibrium  assem- 
blages. 

In  conclusion,  oxidation  of  ilmenite 
above  600  °C  forms  a  well-defined  se- 
quence of  oxide  assemblages  and  tex- 
tures; these  phases  are  a  function  of 
temperature  at  high  oxygen  fugacities. 
The  titanomagnetite  oxidation  classifica- 
tion is  valid  in  so  far  as  Pbss  +  Hemss 
are  the  end  products,  provided  that  rapid 
cooling  ensues  to  prevent  the  breakdown 
of  Pbss  to  Hemss  (or  Ilmss)  +  R-  Oxida- 
tion of  ilmenite  to  form  Pbss  +  R  prob- 
ably takes  place  above  750°C,  whereas 
R  +  Hemss  and  crichtonite  +  ferri- 
ilmenite  assemblages  probably  form 
under  equally  high  oxidizing  conditions 
between  600°  and  700°C. 

High-Pressure  Decomposition  of 
Spinel  (Fe2Si04) 

H.  K.  Mao  and  P.  M.  Bell 

Spinel  of  olivine  composition  fits  most 
physical  requirements  for  a  major  min- 
eral component  of  the  earth's  mantle  be- 
cause of  its  high  density  (about  10% 
greater  than  olivine)  and  because  of  its 
transition  pressures  (for  fayalite  about 
35  kb;  for  forsterite  more  than  100  kb). 
The  olivine  ^  spinel  transition  at  100  kb 
coincides  with  a  jump  in  seismic  velocity 
at  a  depth  of  approximately  300  km  in 
the  earth's  mantle  (Birch,  1964).  At 
greater  depths,  seismic  accelerations  are 
too  great  to  be  accounted  for  by  simple 
compression.  The  zone  from  300  to  900 
km  has  been  termed  the  "transition  zone" 
(Birch,  1952).  This  zone  is  not  amenable 
to  mathematical  analysis  by  means  such 
as  the  Adams- Williamson  equation  (Wil- 
liamson and  Adams,  1932)  and  therefore 
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has  been  a  field  for  much  speculation 
(Ahrens,  Anderson,  and  Ringwood, 
1969). 

Thermodynamic  calculations  (equa- 
tions of  state)  indicate  that  the  silicate 
spinel  phase  will  decompose  at  about 
250  to  300  kb,  corresponding  to  depths 
of  approximately  900  km  in  the  mantle 
(Mao  et  al.,  1969).  We  have  conducted 
experiments  with  the  phase  transition  of 
fayalite  spinel  to  an  oxide  assemblage 
that  may  be  prevalent  in  the  transition 
zone. 

In  the  present  experiments  spinel  of 
fayalite  composition  (Fe2Si04),  synthe- 
sized at  approximately  75  kb,  1500°C,  in 
the  two-stage,  piston-cylinder  apparatus 
(Boyd  and  England,  Year  Book  59,  pp. 
48-49)  was  subjected  to  conditions  of 
approximately  250  ±  50  kb,  750°  ± 
10°C,  for  1  hour  with  the  diamond-anvil 
pressure  cell.  After  quenching,  the  dia- 
monds were  removed  and  their  pressure 
surfaces  placed  in  a  collimated  X-ray 
beam  of  MoKcu  radiation,  monochroma- 
tized  with  a  curved  and  bent  quartz  crys- 
tal. The  thin  film  of  partially  reacted 
spinel  (. — 5  /mi  thick)  still  adhering  to 
the  diamond  surface  produced  X-ray 
diffraction  lines  that  exposed  a  film  strip 
held  in  a  semicircular  cassette  (1-inch 
radius) .  The  d  values  are  listed  in  Table 
12. 

Remaining  unreacted  spinel  served  as 
an  internal  standard,  and  aside  from  this, 
wustite  (FeO)  was  also  positively  identi- 
fied.  The  reaction  presumably  was 

Fe2Si04  ->  2FeO  +  Si02 

wiistite       stishovite 

as  suggested  by  Bassett  and  Takahashi 
(1970).  Curiously,  although  spinel  and 
wustite  phases  were  observed  (Table  12), 
no  lines  of  stishovite  were  positively 
identified.  Several  others  were  observed 
but  have  not  yet  been  identified. 

To  confirm  phase  compositions,  the 
sample,  still  adhering  to  the  diamond 
surface,   was    analyzed   in   the   electron 


TABLE  12.   X-Ray  Diffraction  Data  Obtained 
from  Pressure  Face  of  Diamond 


I/ho 

d,  A 

Phase 

(hkl) 

4 

4.77 

spinel 

(111) 

0.5 

3.31 

1 

2.915 

spinel 

(220) 

0.5 

2.708 

10 

2.483 

spinel 

(311) 

wustite 

(111) 

0.5 

2.375 

spinel 

(222) 

3 

2.152 

wustite 

(200) 

5 

2.060 

spinel 

(400) 

5 

2.024 

2 

1.882 

spinel 

(331) 

0.3 

1.770 

0.3 

1.682 

spinel 

(422) 

3 

1.585 

spinel 

(333) (511) 

0.5 

1.523 

wustite 

(220) 

6 

1.454 

spinel 

(440) 

0.3 

1.384 

0.5 

1.304 

wustite 

(311) 

2 

1.248 

spinel 

(533) (622) 

wustite 

(222) 

1 

1.171 

spinel 

(444) 

2 

1.071 

spinel 

(553) 

wustite 

(400) 

0.3 

1.020 

spinel 

(800) 

probe.  The  diamonds  were  carbon-coated 
and  then  mounted  directly  in  the  micro- 
probe  so  that  the  faces  were  exposed  to 
the  electron  beam.  Five  hundred  sepa- 
rate points  were  analyzed  for  Fe  and  Si 
in  step-scans  along  the  surfaces.  The 
results  are  plotted  as  a  histogram  in 
Fig.  37.  Frequency  is  plotted  against 
Fe/(Fe  +  Si).  This  type  of  plot  was 
necessary  because  the  small  grain  size 
caused  overlap  of  the  effective  electron 
beam  with  different  mineral  grains. 
Wustite  (±  a  small  amount  of  free  iron) 
and  compositions  overlapping  outer 
spinel  can  be  identified  on  the  diagram, 
as  well  as  the  composition  Si02. 

The  implication  is  that  spinel  has  re- 
acted to  wustite  plus  a  silica  phase  of  as 
yet  undetermined  structure;  phases  of 
intermediate  composition  were  not  posi- 
tively identified.  Although  the  phase  has 
not  been  characterized,  it  would  appear 
possible  that  Si02  has  crystallized  in  a 
structure  other  than  that  of  stishovite. 
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Fe/Fe  +  Si    Atomic  ratio 

Fig.  37.  Histogram  of  microprobe  analysis  conducted  on  the  diamond  face.  The  dashed  line  indi- 
cates the  composition  of  the  starting  spinel,  Fe2Si04.  (Spinel  analyses  were  used  as  standards  and 
are  not  plotted.) 


Some  Phase  Equilibria  in  the 
System  Ca-Fe-Si-C-0 

D.  M.  Burt 

In  1940  N.  L.  Bowen,  in  a  paper  which 
has  become  a  classic  of  metamorphic 
petrology,  derived  a  decarbonation  se- 
quence in  the  system  CaO-MgO-Si02- 
C02  for  the  progressive  metamorphism 
of  siliceous  dolomites.  On  the  basis  of 
information  analogous  to  that  which  was 
available  to  Bowen,  it  has  been  possible 
to  derive  a  progressive  decarbonation 
sequence  in  the  system  Ca-Fe-Si-C-0 
(CaO-FeO-Fe203-Si02-C02).  This  se- 
quence is  applicable  to  mineral  facies  in 
Ca-Fe-Si  skarns,  ferruginous  limestones, 
and  calcareous  iron  formations.  It  is 
especially  applicable  to  the  facies  of  a 
number  of  Japanese  skarn  deposits 
(Burt,  this  report)  because  the  minerals 
in  these  deposits  are  unusually  low  in 
Mg2+  and  Al3+  substituting  for  ferrous 
and  ferric  iron,  respectively. 

Phase  Diagrams 

Phase  equilibria  in  the  system  Ca-Fe- 
Si-C-0  can  be  represented  on  several  dif- 


ferent types  of  phase  diagrams,  including 
a  P-T  diagram  with  univariant  decar- 
bonation curves,  isobaric  log  /o2-^  dia- 
grams of  phases  in  equilibrium  with 
vapor  at  various  pressures,  and  various 
isobaric,  isothermal  log  /o2-l°g  /co2  or 
/*02-/*c<>2  diagrams,  where  /x  is  the  chemi- 
cal potential.  Because  during  skarn  for- 
mation the  partial  pressure  of  C02  is 
probably  much  less  than  the  total  pres- 
sure (the  dominant  species  being  H20), 
it  seems  logical  to  begin  with  the  last 
type  of  diagram,  for  which  both  fx02  and 
/*co2  are  externally  controlled.  This  type 
of  diagram  can  show  the  topological  rela- 
tionships of  mineral  stability  fields 
over  broad  ranges  of  pressure  and 
temperature. 

Because  reliable  thermochemical  data 
are  as  yet  lacking  for  the  minerals  an- 
dradite  and  hedenbergite,  and  because  the 
phase  diagrams  will  be  drawn  for  arbi- 
trary unspecified  temperatures  and  pres- 
sures (in  the  range  300°  to  500°  or  600°C 
and  10  bars  to  2  or  3  kb) ,  no  attempt  will 
be  made  at  this  point  to  attach  numbers 
to  these  diagrams. 

The  ten  phases,  in  addition  to  vapor, 
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TABLE  13.  Some  Minerals  in  the  System 
Ca-Fe-Si-C-0 


Name 

Symbol 

Formula 

Graphite 

Gra 

C 

Magnetite 

Mag 

Fe304 

Hematite 

Hem 

Fe203 

Calcite 

Cal 

CaC03 

Siderite 

Sid 

FeC03 

Quartz 

Qtz 

Si02 

Wollastonite 

Wol 

CaSi03 

Hedenbergite 

Hed 

CaFeSi206 

Fayalite 

Fay 

Fe2Si04 

Andradite 

And 

Ca3Fe2Si30i2 

that  should  be  considered  are  listed  in 
Table   13.    Their   compositions   for   ex- 


ternally specified  /x02  and  fxCo2  are  pro- 
jected onto  the  composition  plane  Ca- 
Fe-Si  in  the  triangle  to  the  lower  right 
of  Fig.  38.  At  the  moderate  temperatures 
being  considered  all  will  be  assumed  to 
be  pure  substances  except  calcite  and 
siderite,  which  exhibit  limited  mutual 
solid  solution.  Calcite  is  a  nearly  pure 
substance  outside  the  stability  field  of 
siderite. 

As  regards  some  minerals  not  listed  in 
Table  13,  the  iron  analogues  of  monticel- 
lite  (kirschsteinite,  CaFeSi04)  and  aker- 
manite  ("ferroakermanite,"  Ca2FeSi207) 
do  not  occur  in  Ca-Fe-Si  skarns,  pre- 


^  2/xC02 


Fig.  38.   Schematic,  isobaric,  isothermal  ^o2-2mco2  (or  log  /o2-log  /co2)   diagram  for  the  system 
Ca-Fe-Si-C-O.  Numbers  refer  to  decarbonation  reactions  in  Table  15. 


180 


CARNEGIE     INSTITUTION 


sumably  because  they  are  metastable 
with  respect  to  the  graphite  oxygen  buf- 
fer. Ferrosilite,  FeSi03,  and  pyroxfer- 
roite,  (Fe,Ca)7Si702i  (Lindsley  and 
Burnham,  1970),  likewise  do  not  occur 
in  skarns,  presumably  because  they  are 
unstable  at  low  pressures.  Tilleyite,  Car, 
Si207(C03)2;  spurrite,  Ca5Si208(C03) ; 
rankinite,  Ca3Si207  (and  its  polymorphs)  ; 
and  larnite,  Ca2Si04  (and  its  poly- 
morphs) occur  in  skarns  but  only  in  those 
formed  at  higher  temperatures  than  those 
considered  here.  "Ferrobustamite," 
(Ca,Fe)3Si309,  might  occur  in  skarns, 
but  laboratory  experiments  show  it  to  be 
unstable  below  about  800  °C  (Rutstein, 
1969;  Rutstein  and  White,  1970).  Natu- 
ral bustamite,  (Ca,Mn)3Si309,  from 
skarns  is  usually  very  low  in  iron. 

When  phase  diagrams  are  drawn  from 
nature,  it  is  customary  to  base  the  dia- 
grams on  mineral  assemblages  actually 
observed.  If  the  phase  diagrams  are  for 
a  system  with  fewer  components  than  the 
natural  minerals,  this  procedure  can  be 
misleading,  because  added  components  in 
a  mineral  often  extend  its  stability  be- 
yond that  of  the  idealized  end  member. 
A  more  conservative  procedure  is  to  con- 
sider all  the  mineral  pairs  which  are 
never  seen  together  in  nature  and  to  con- 
struct phase  diagrams  predominantly  on 
the  basis  of  these  presumed  incompati- 
bilities. This  procedure  minimizes  the 
effect  of  added  components  (MnO,  MgO, 
A1203 )  in  solid  solution  and  is  well  suited 
to  computer  calculation  of  all  possible 
chemical  reactions  of  interest  among  a 
set  of  minerals.  The  program  then  in- 
cludes a  provision  for  excluding  reactions 
involving  incompatible  pairs.  Such  a  pro- 
gram (called  RXINVAR)  has  been  writ- 
ten by  L.  W.  Finger. 

This  procedure  has  been  used  for  min- 
eral assemblages  both  observed  and  not 
observed  in  Ca-Fe-Si  skarn  deposits  to 
construct  a  /ao2-2/aco2  diagram  (Fig.  38) 
for  the  system  Ca-Fe-Si-C-0  at  the  tem- 
peratures and  pressures  of  skarn  forma- 
tion. The  general  method  of  constructing 


such  diagrams  is  explained  by  Korzhin- 
skii  (1959)  and  Zen  (1961).  The  mineral 
pairs  that  do  not  occur  together  in  natu- 
ral skarns  and  were  therefore  assumed  to 
be  incompatible  in  drawing  the  diagram 
are  listed  in  Table  14.  In  addition,  the 
three-phase  assemblage  Gra-Qtz-And 
and  the  four-phase  assemblage  Gra- 
Mag-Qtz-And  have  never  been  reported 
in  skarns  (these  assemblages  may  be- 
come stable  at  very  high  pressures) .  This 
is  the  information  needed  to  specify  Fig. 
38  qualitatively,  except  for  independent 
crossings  of  univariant  lines.  The  results 
of  some  hydrothermal  experiments  by 
Gustafson  (1968)  also  are  consistent 
with  the  features  of  the  diagram. 

In  Fig.  38  saturation  with  C02  is  rep- 
resented either  by  the  nearly  vertical  line 
labeled  "vapor"  (under  comparatively 
oxidizing  conditions)  or  by  the  graphite 
line  (under  reducing  conditions) .  The 
slope  of  the  vapor  line  is  slightly  less 
than  vertical  because  of  the  slight  par- 
ticipation of  CO  in  the  vapor  under 
reducing  conditions.  The  graphite  line 
has  a  slope  of  +1  (+%  on  a  fxo2-^^co2 
diagram)  because  the  reaction  C  (graph- 
ite) +  02  =  C02  uses  equal  molar 
amounts  of  02  and  C02.    The  ix02  con- 

TABLE  14.    Incompatible  Mineral  Pairs 

1 .  Graphite-hematite 

2.  Magnetite-wollastonite  (found  in  very  high- 
temperature  skarns  only,  with  rankinite  and 
larnite,  etc.) 

3.  Hematite-hedenbergite 

4.  Hematite-wollastonite  (unstable  in  the  lab- 
oratory below  — 1137°C:  Huckenholz  and 
Yoder,  Year  Book  69,  p.  182) 

5.  Hematite-fayalite 

6.  Calcite-fayalite,  except  for  knebelite, 
(Fe,Mn)2Si04 

7.  Siderite-hedenbergite 

8.  Siderite-wollastonite 

9.  Siderite-fayalite 

10.  Siderite-andradite 

11.  Wollastonite-fayalite  ("ferrobustamite"  ear- 
lier referred  to  as  "wollastonite  solid  so- 
lution'?  becomes  stable  with  fayalite  at  very 
high  temperatures) 

12.  Fayalite-andradite 
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Cal  Mag,  Hem,  Sid 

T 

Fig.  39.  Schematic,  low-pressure,  isobaric  log  fo2-T  diagram  for  phases  in  equilibrium  with  vapor 
in  the  system  Ca-Fe-Si-C-O.  Topologically  a  mirror  image  of  Fig.  38.  Arrows  show  path  of  meta- 
morphism  discussed  in  the  text. 


trolled  by  the  graphite  oxygen  buffer  is 
thus  dependent  on  /aCo2  (cf.  French  and 
Eugster,  1965) . 

As  the  total  pressure  for  Fig.  38  is 
reduced,  the  vapor  saturation  surface 
moves  to  the  left  and  sweeps  across  (or 
"erases")  the  other  mineral  equilibria 
shown  on  the  diagram,  making  them 
metastable.  Because  the  effect  of  reduc- 
ing the  pressure  on  mineral  equilibria 
involving  a  gas  species  such  as  C02  is 
generally  the  same  as  that  of  increasing 
the  temperature,  we  can  use  Fig.  38  to 
draw  a  schematic,  low-pressure,  isobaric 
l°g  fo2-T  diagram  for  phases  in  equilib- 
rium with  a  C-0  vapor  in  the  system 
Ca-Fe-Si-C-O.  Figure  39  is  topologically 
a  mirror  image  of  Fig.  38.  Incidentally, 
on  Fig.  39  the  metastable  lines  extending 
to  the  lower  right  from  points  10  and  12 
intersect  in  a  metastable  invariant  point 


that  also  involves  the  reaction  Mag  + 
Wol  +  02  =  And  studied  by  Gustafson 
(1968). 

The  Fades  of  Ca-Fe-Si  Skarn  Deposits 

Pyrometasomatic  or  skarn  deposits 
are  high-temperature  hydrothermal  ore 
deposits  of  worldwide  distribution  (usu- 
ally in  orogenic  belts)  which  are  mined 
for  Fe,  Cu,  Zn,  W,  and  other  metals.  The 
characteristic  feature  of  these  deposits  is 
the  gangue,  a  zoned,  coarse-grained,  gen- 
erally dark-weathering  mixture  of  cal- 
cium and  magnesium  silicates,  which  has 
variously  been  termed  skarn  or  tactite. 
Skarn  deposits  most  typically  are  found 
replacing  limestone  or  dolomite  beds 
adjacent  to  and  above  granitic  intrusives. 
They  are  formed  by  postmagmatic,  as- 
cending, iron-rich,  hydrothermal  solu- 
tions, probably  at  shallow  depths  within 
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the  earth's  crust.  The  skarn  silicates 
themselves  seem  to  be  deposited  earlier 
than  most  of  the  metal  ores,  and  in  a 
given  deposit  there  is  usually  much  skarn 
that  is  barren  of  economic  mineraliza- 
tion. Skarns  replacing  pure  limestones 
can  be  termed  Ca-Fe-Si  skarns,  although 
sometimes  considerable  Mn2+  substitutes 
for  ferrous  iron. 

Comparison  of  Figs.  38  and  39  with 
early  anhydrous  mineral  assemblages 
found  in  Ca-Fe-Si  skarn  deposits  {cf. 
Burt,  this  report)  suggests  that  />io2,  as 
well  as  1JLCO21  is  externally  controlled  (un- 
buffered by  the  local  mineral  assem- 
blages) during  the  early  stages  of  skarn 
formation.  Possible  controls  on  the  oxi- 
dation state  of  early  skarn-forming  solu- 
tions at  the  site  of  reaction  include  the 
oxidation  state  of  geologic  formations 
through  which  the  solutions  have  passed 
at  depth,  the  oxidation  state  of  the 
adjacent  intrusive,  and  the  organic  mat- 
ter content  of  the  limestone  host  rock. 
During  later  ore  deposition,  retrograde 
alteration  of  skarn  assemblages  occurs, 
and  the  oxidation  (and  even  carbona- 
tion)  state  may  be  to  a  large  extent 
locally  controlled  by  the  breakdown  re- 
actions of  the  skarn  minerals  themselves. 
In  other  words,  although  /x02  m&y  be 
buffered  by  local  mineral  assemblages 
during  the  retrograde  alteration  of  early 
skarn  minerals,  it  is  unbuffered  (exter- 
nally controlled)  during  their  original 
deposition. 

From  Figs.  38  and  39,  the  low-tem- 
perature or  high-^coo  chemical  equiva- 
lent of  a  skarn  deposit  is  seen  to  be  a 
siderite-quartz  (or  chalcedony)  replace- 
ment deposit  in  limestone.  (This  gangue 
is  common  with  some  lead-zinc  deposits.) 
At  higher  temperatures  there  is  a  broad 
region  of  Figs.  38  and  39  over  which 
magnetite-quartz  replacement  deposits 
in  limestone  can  form  without  Ca-Fe-Si 
skarn  minerals.  (This  also  is  a  common 
type  of  deposit.)  At  still  higher  tempera- 
tures Ca-Fe-Si  skarn  minerals  first  be- 
come stable,  so  that  under  oxidizing  con- 


ditions skarns  containing  only  andradite 
can  form  and  under  reducing  conditions 
skarns  containing  only  hedenbergite  can 
form.  At  still  higher  temperatures  and 
"intermediate"  oxidation  states  both  an- 
dradite and  hedenbergite  can  appear  in 
the  same  deposit  as  stable  minerals.  At 
yet  higher  temperatures  wollastonite  be- 
comes stable  and  andradite  becomes 
stable  with  graphite.  The  highest  tem- 
peratures (or  lowest  /xco2's)  considered 
here  are  those  for  which  hedenbergite 
becomes  incompatible  with  calcite,  or 
fayalite  becomes  stable  with  respect  to 
graphite,  magnetite,  and  quartz. 

Actually,  end-member  fayalite  is  virtu- 
ally never  encountered  in  skarn  deposits, 
although  the  manganous  solid  solution 
called  knebelite  is  occasionally  found. 
This  is  partly  because  bulk  compositions 
are  unsuitable  for  its  formation — they 
are  too  rich  in  Ca.  (From  Table  14, 
fayalite  is  incompatible  with  calcite, 
wollastonite,  or  andradite.)  All  the  other 
facies  shown  on  Figs.  38  and  39  occur  in 
natural  skarns  (cf.  Burt,  this  report,  for 
some  skarns  in  Japan). 

The  M etamovphic  Facies  of  Ferruginous 

Marbles  and  Calcareous  Iron 

Formations 

Metamorphic  marbles  and  iron  forma- 
tions without  considerable  Mg2+  and  Al3+ 
substituting  for  ferrous  and  ferric  iron 
are  relatively  rare  in  nature,  but  we  may 
attempt  to  apply  Figs.  38  and  39  to  such 
rocks.  For  this  purpose  the  most  impor- 
tant difference  between  these  metamor- 
phic rocks  and  the  metasomatic  skarn 
rocks  just  discussed  is  that  02  apparently 
behaves  as  a  "buffered"  component  dur- 
ing regional  and  even  most  contact  meta- 
morphism;  that  is,  /*o2  is  locally  con- 
tro'led  by  the  mineral  assemblages  them- 
selves rather  than  imposed  on  the  rock 
by  a  fluid  going  through  it  (cf.  Zen, 
1963) .  In  many  marbles  and  iron  forma- 
tions the  control  on  /x02  is  simply  the 
presence  of  finely  disseminated  graphite, 
which  restricts  /xo2  to  values  along  the- 
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Fig.  40.  Compositions  of  the  minerals  in  Table 
13  on  the  tetrahedron  CaO-FeO-FeOi.5-Si02. 


basal  line  labeled  "graphite"  on  Figs.  38 
and  39. 

For  oxygen  as  a  buffered  component, 
we  must  plot  ferrous  and  ferric  iron 
separately  on  any  phase  diagram  for 
metamorphic  facies.  The  tetrahedron 
CaO-FeO-FeOi.5-Si02  for  externally  con- 
trolled fxco2  is  shown  in  Fig.  40.  An- 
dradite  plots  on  the  front  face  and 
hedenbergite  on  the  back  face.  Oxygen 
plots  at  infinite  distance  in  one  direction 
along  the  FeO-FeOi.5  line,  and  carbon 
(as  graphite),  at  infinite  distance  in  the 
other  direction. 

A  general  definition  of  an  oxygen  buf- 
fer is  that  if  the  formula  of  the  species 
02  can  be  expressed  in  terms  of  the  for- 
mulas (or  chemical  analyses)  of  the 
minerals  in  a  given  assemblage,  then  that 
assemblage  buffers  oxygen.  For  example, 
because  02  =  6Fe203-4Fe304,  the  assem- 
blage magnetite-hematite  buffers  02.  In 
other  words,  any  assemblage  whose  min- 
erals form  a  distinct  volume  on  Fig.  40 
buffers  oxygen  at  fixed  P,  T,  and  /xco2- 
The  oxygen  buffers  are  the  nonvertical 
univariant  lines  on  Figs.  38  and  39. 

At  the  twelve  numbered  points  on  Figs. 
38  and  39,  02  and  C02  are  both  buffered. 
The  corresponding  C02-buffer  reactions 
(or  decarbonation  reactions)  are  listed  in 


general  order  of  decreasing  /aCo2  (or 
increasing  T)  in  Table  15.  Each 
such  reaction  would  be  a  univariant 
line  on  a  P-T  diagram  for  the  system 
Ca-Fe-Si-C-O. 

As  indicated  in  the  table,  the  exact 
order  of  the  reactions  may  vary  slightly 
as  a  function  of  T  and  P  because  of  inde- 
pendent crossings  of  the  univariant  lines 
that  are  difficult  to  predict.  For  example, 
reaction  10  would  occur  before  reactions 
8  and  9  at  very  low  temperatures  and 
pressures  but  after  reactions  8  and  9  (as 
shown)  at  somewhat  higher  temperatures 
and  pressures.  The  order  of  reactions 
given  is  that  believed  to  be  typical  of 
natural  mineral  associations. 

In  Table  15  note  that  for  some  decar- 
bonation reactions  (3,  4,  10,  and  12) 
graphite  is  produced,  although  for  others 

TABLE  15.   Some  Decarbonation  Reactions  in 
the  System  Ca-Fe-Si-C-O* 

1.  Hem  +  Sid  =  Mag  +  C02 

2.  (1  -x  -  y)Hem  +  (  1-  </)Sidss  =  (1  - 
x  -  y)Mag  +  xCalss  +  (1  -  x  -  y)COa 

3.  6Sid  =  Gra  +  2Mag  +  5C02 

4.  6(1  -  y)Sidas  =  (1  —  x  —  y)Gr&  +  2(1  — 
x  -  y)Mag  +  6xCal8S  +  5(1  -  x  -  y)COs 

5.  (or  6).  Gra  +  2Mag  +  6Cal  +  12Qtz  = 
6Hed  +  7C02 

6.  (or  5).  Hem  +  3Cal  +  3Qtz  =  And  + 
3CQ2  (This  can  be  written  as  zMag  + 
(1  -  9z)Hem  +  3Cal  +  3Qtz  =  And  + 
3C02-«) 

7.  Mag  +  4Cal  +  5Qtz  =  Hed  +  And  + 
4C02 

8.  (or  9).  Cal  +  Qtz  =  Wol  +  C02  (This  can 
be  written  as  zGra  -f-  (2  —  z)Cal  +  (2  — 
«)Qtz  =  (2  -  2) Wol  +  2C02-s) 

9.  (or  10).  Cal  +  Qtz  =  Wol  +  C02  (This 
can  be  written  as  Cal  +  (1  —  2z)Qtz  + 
2zHed  =  (1  -  z)Wol  +  zAnd  +  C02-*) 

10.  (or  8).   2Mag  +  18Cal  -f-  18Hed  =  5  Gra 
+  12And  +  13C02 

11.  (or  12).    Gra  +  2Mag  +  3Qtz  =  3Fay  + 
CG2 

12.  (or  11).   4Cal  +  4Hed  =  Gra  +  2Wol  + 
2And  +  3C02 

*  x  =  mole  fraction  CaC03  in  SidS8,  y  = 
mole  fractipn  FeC03  in  Calss,  and  z  =  mole 
fraction  CO  in  C02-rich  vapor  of  bulk  composi- 
tion C02-,. 

Numbers  in  parentheses  refer  to  possible  vari- 
ations in  the  decarbonation  sequence. 


184 


CARNEGIE     INSTITUTION 


(5,  8,  and  11)  it  is  consumed.  This  result 
is  a  reflection  of  the  fact  that  on  Figs.  38 
and  39  any  consistently  prograde  re- 
action path  is  possible  (along  the  uni- 
variant  lines  and  through  the  invariant 
points  1  through  12),  depending  on 
initial  bulk  compositions  in  the  system 
Ca-Fe-Si-C-O. 

As  a  specific  example,  consider  a  rock 
initially  consisting  of  calcite,  magnetite, 
less  quartz,  and  still  less  hematite.  The 
progressive  metamorphism  of  such  a  rock 
would  take  place  along  the  path  shown 
on  Fig.  39.  With  increasing  temperature, 
hematite  would  be  used  up  and  andradite 
formed  by  reaction  6,  the  rock  would 
become  more  reduced  until  hedenbergite 
and  more  andradite  formed  by  reaction 
7,  using  up  all  of  the  quartz,  and  the  rock 
would  become  still  more  reduced  until 
graphite  and  a  third  generation  of  an- 
dradite formed  by  reaction  10.  Through 
progressive  decarbonation  this  rock  could 
achieve  a  /x02  more  reducing  than  that 
of  the  QFM  buffer,  even  though  it  ini- 


INITIAL  MIXTURE 
Qtz 


Fig.  42.  Progressive  decarbonation  of  a  calcite- 
siderite-quartz  mixture.  Graphite  is  present  in 
all  assemblages  except  the  first. 
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RXN 


ag-Qtz- 
Hed-And 


Cal-Wol 
Hed-And 


RXN    10 


Gra-Mag- 
Hed-And 

Gra-Wol- 
Hed-And 
Gra-Cal- 
Wol-And 


Gra-Cal- 
Hed-And 


Gra-Mag- 
Cal-And 


Fig.  41.  Progressive  decarbonation  of  a  mag- 
netite-calcite-quartz  mixture.  Graphite  appears 
in  shaded  assemblages. 


tially  contained  hematite.  Many  other 
examples  could  be  cited  for  other  initial 
bulk  compositions  on  Fig.  40. 

To  avoid  the  difficulty  of  trying  to 
visualize  specific  bulk  compositions  on 
Fig.  40,  we  can  draw  triangular  sections 
through  the  tetrahedron  at  fixed  mole 
fractions  of  FeO/(FeO  +  FeOi.5).  Fig- 
ures 41  and  42  show  two  such  sections  at 
mole  fractions  of  %  and  1,  respectively. 
They  correspond  to  an  initial  assemblage 
of  calcite,  quartz,  and  magnetite  for  Fig. 
41  and  of  calcite,  quartz,  and  siderite  for 
Fig.  42.  Reactions  similar  to  those  on 
Fig.  41  could  have  given  rise  to  the  an- 
dradite -  hedenbergite  -  quartz  -  magnetite 
bands  in  marble  described  by  Scharbert 
(1966).  Reactions  similar  to  those  on 
Fig.  42  occur  during  progressive  meta- 
morphism of  calcareous  carbonate-facies 
iron  formations  (e.g.,  French,  1968).  The 
highest  grades  of  metamorphism  yield 
rocks  called  eulysite,  which  contain 
fayalite,  in  part  produced  by  reaction  11. 
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The  Facies  of  Some  Ca-Fe-Si  Skarns 
in  Japan 

D.  M.  Burt 

In  comparison  with  similar  limestone 
replacement  deposits  in  North  and  South 
America,  most  skarn  deposits  in  Japan 
are  remarkable  for  the  general  lack  of 
MgO  and  the  high  proportion  of  FeO  in 
their  skarn  silicates.  Because  of  this 
feature,  it  was  thought  that  Japan  would 
be  a  good  place  to  try  to  verify  proposed 
mineral  stabilities  in  the  system  Ca-Fe- 
Si-C-0  (Burt,  this  report) ,  and  as  many 
skarn  deposits  as  possible  were  visited 
during  the  summer  of  1970  (Table  16 
and  Fig.  43). 

Most  of  the  skarn  deposits  visited  are 
associated  with  late  Mesozoic  to  early 
Tertiary  granitic  intrusives,  although  at 
least  two,  the  Chichibu  (6)  and  Hoei 
(21),  are  associated  with  intrusives  be- 


lieved to  be  Miocene  in  age.  The  de- 
posits are  mined  for  S,  Fe,  Cu,  Zn,  Pb, 
and  W,  as  well  as  other  elements,  and  the 
fact  that  they  are  mines  makes  them 
convenient  for  collecting  well-located, 
unweathered  samples. 

Incidentally,  the  relatively  MgO-free 
and  FeO-rich  nature  of  the  skarn  min- 
erals in  Japan  could  be  related  to  a  gen- 
eral lack  of  dolomites,  redbeds,  and 
evaporites,  and  a  general  abundance  of 
organic  matter  in  the  Japanese  sedi- 
mentary sequence.  A  lack  of  dolomites 
could  explain  the  lack  of  MgO  in  the 
silicates,  and  an  abundance  of  organic 
matter  and  lack  of  redbeds  and  evapo- 
rites could  explain  the  relative  abun- 
dance of  FeO.  This  concept  appears  to 
be  consistent  with  known  Japanese 
stratigraphy  (c/.  Takai,  Matsumoto,  and 
Toriyama,  1963) . 

The    correlation    between    the    skarn 


TABLE  16.  Some  Ca-Fe-Si  Skarn  Deposits  Visited  in  Japan,  Summer  1970 

(Listed  from  NE  to  SW) 


Major  (Minor) 

Major  (Minor) 

Location, 

Metals,  Whether 

Ca-Fe-Si  Skarn 

Name  of  Mine 

Prefecture 

Closed 

Minerals* 

1. 

Omine 

Iwate 

Cu,  (Au,  Ag) 

And.Wol 

2. 

Kamaishi 

Iwate 

Fe,Cu 

And,  Hed 

3. 

Akagane 

Iwate 

Cu,Fe,  (W) 

And,  Wol 

4. 

Sennin 

Iwate 

Fe  as  Hem 

(And),  (Mag) 

5. 

Yakuki 

Fukushima 

Cu,Fe 

And,  Hed,  (Ilv,  Bab) 

6. 

Chichibu 

Saitama 

Cu,  Fe,  Pb,  Zn,  An,  Ag 

Wol,  And,  Hed,  (Ilv,  Joh,  Bus)  complex 

7. 

Kamioka 

Gifu 

Zn,Pb 

Hed,  (Gra,  And,  Ilv) 

8. 

Nakatatsu 

Fukui 

Zn,Pb 

And,  Hed  grading  into  Joh,  Bus 

9. 

Kotani  (Tsuda) 

Okayama 

Cu,  closed 

Hed,  Ilv 

10. 

Sampo 

Okayama 

Fe,  (Cu) 

And.  Hed,  (Ilv) 

11. 

Kanehira 

Okayama 

Fe 

And.  Hed,  (Ilv) 

12. 

Mihara 

Hiroshima 

Cu 

And,  Wol 

13. 

Fuj  igatani 

Yamaguchi 

W 

Hed,  Wol,  (Gra  in  limestone) 

14. 

Kuka  (Kuga) 

Yamaguchi 

W,Cu,  (Sn) 

Hed 

15. 

Tsumo 

Shimane 

Cu 

And,  Wol 

16. 

Sasagatani 

Shimane 

Cu 

Hed,  (And,  Ilv) 

17. 

Kitabira 

Yamaguchi 

Cu,  closed 

Hed,  Ilv 

18. 

Naganobori 
(Eboshi) 

Yamaguchi 

Cu,  (Co),  closed 

Hed,  And,  (Wol,  Ilv) 

19. 

Ofuku  (Yamato) 

Yamaguchi 

Cu,  (W),  closed 

And,  Hed,  Wol,  (Ilv) 

20. 

Yoshiwara 

Fukuoka 

Cu,Fe 

And,  (Wol) 

21. 

Hoei 

Oita 

Zn,  Pb,  (Sn) 

And,  ("Hed") 

*Ilv,  ilvaite  (lievrite),  CaFe2FeSi2070(OH) ;  Bab,  babingtonite,  Ca2FeFeSi5Ou(OH) ;  Joh,  jo- 
hannsenite,  Ca(Mn,Fe)Si2O0;  Bus,  bustamite,  (Ca,Mn)Si03.  Other  abbreviations  as  in  Table  13. 
Cal  and  Qtz  are  ubiquitous.  Mag  is  a  major  mineral  in  Fe  deposits. 
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Fig.  43.  Locations  of  Ca-Fe-Si  skarn  deposits  visited  in  Japan,  summer  1970. 


mineral  assemblages  observed  and  the 
proposed  mineral  stability  diagrams  was 
excellent.  No  incompatible  mineral  pairs 
were  seen,  and  the  approximate  environ- 
ment of  formation  of  the  most  abundant 
(in  general,  the  first-deposited)  'iron-rich 
skarn  minerals  in  each  locality  could  be 
plotted  on  the  proposed  isobaric,  iso- 
thermal /xo2-2)txco2  (log  /o2-log  /co2)  la- 
bility diagram  with  no  discrepancies 
(Fig.  44) .  A  topologically  identical  iso- 
baric log  fo2~T  diagram  of  phases  in 
equilibrium  with  vapor  could  also  have 
been  used  for  this  purpose. 

Of  course,  P,  T,  fx02f  and  /xCo2  were  not 


the  only  variables  that  influenced  the 
stabilities  of  Ca-Fe-Si  skarn  minerals. 
Gradients  in  ^Ca,  j"-Fe,  and  /xSi  must  have 
existed  across  the  skarns,  as  evidenced 
by  the  monomineralic  zones  typical  of 
the  deposits.  Other  elements,  such  as  H, 
S,  F,  B,  and  the  ore  metals,  also  played 
important  roles,  especially  during  late- 
stage,  low-temperature  processes.  How- 
ever, the  term  "skarn  facies"  as  used 
herein  refers  to  the  environment  of  for- 
mation of  an  entire  deposit  rather  than 
to  local  mineralogical  changes  due  to 
metasomatic  diffusion  gradients  and  to 
retrograde  alterations. 
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H-Qz 

A 


Hem 


Mag 


4^ 


Mag-Qtz-And 


Qtz-And 


Mag  (Po) 


^2/xC02 


Fig.  44.  Schematic  no2-2ixco2  diagram  of  the  system  Ca-Fe-Si-C-0  for  the  facies  of  Japanese 
skarns.  Numbers  show  the  approximate  location  in  ixo2-2nco2  space  at  which  the  skarn  was  formed. 
Arrows  show  approximate  changes  of  conditions  with  time.  For  the  stable  mineral  assemblages  in 
each  field,  see  Fig.  38. 


Uncertainties  in  the  placement  of 
points  on  Fig.  44  involve  the  continuous 
superposition  of  different  periods  of 
skarn  formation,  the  magnitude  of 
gradients  in  P,  T,  /x02,  and  /xCo2  across 
individual  deposits,  and  the  influence  of 
MnO,  MgO,  and  A1203  in  solid  solution 
on  mineral  stabilities.  Where  the  early 
skarn  mineral   assemblages  at   a   given 


location  clearly  show  a  time-dependent 
trend,  the  inferred  direction  of  change  is 
indicated  schematically  by  an  arrow. 

In  the  relatively  low-temperature 
Kotani  (9)  and  Kitabira  (17)  deposits, 
the  hydrous  mineral  ilvaite  appears  to 
have  played  a  major  role  in  early  skarn 
formation.  The  triangular  compatibility 
diagram  for  the  early  skarn  minerals  of 
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these  deposits  is  shown  on  Fig.  44.  In 
the  other  deposits  visited,  ilvaite  and 
other  hydrous  species  (including  babing- 
tonite  at  the  Yakuki  mine)  are  late  in 
the  sequence  of  mineral  deposition  and 
have  been  neglected. 

The  only  deposit  visited  that  contains 
abundant  hematite  is  the  Sennin  (4). 
This  is  essentially  a  low-temperature 
specular  hematite  replacement  deposit  in 
limestone,  with  minor  andradite,  mag- 
netite, pyrite,  and  hydrous  Mg  silicates. 
However,  there  appears  to  have  been 
earlier  bladed  pyroxene  (hedenbergite?) 
in  places,  which  is  preserved  only  as 
pseudomorphs  in  hydrous  silicates. 

The  only  deposit  visited  in  which  the 
skarn  contains  abundant  graphite  is  the 
Kamioka  (7) ,  the  largest  Pb-Zn  mine  in 
Japan.  (At  many  of  the  other  deposits 
graphite  occurs  in  the  enclosing  lime- 
stone but  no  longer  in  the  skarn  itself.) 
At  Kamioka  wollastonite  is  present  in 
early  low-iron  "reaction  skarns"  at  in- 
trusive contacts  but  not  in  the  main 
hedenbergite  skarns  replacing  limestone. 
Andradite  is  absent  except  near  sources 
of  minor  A1203,  which  extends  its  sta- 
bility field  to  slightly  more  reducing  con- 
ditions. Point  7  on  Fig.  44  can  thus  be 
almost  precisely  located,  although  for 
this  deposit  the  point  where  graphite  be- 
comes compatible  with  andradite  should 
perhaps  be  shown  as  falling  on  the  high 
fjLCo2  side  of  the  wollastonite  line.  This 
would  be  possible  on  an  isothermal 
juo2-2//.oo2  diagram  drawn  for  a  lower 
temperature. 

On  the  other  side  of  the  wollastonite 
line  is  plotted  a  probable  point  for  the 
Fujigatani  (13)  tungsten  deposit,  which 
contains  hedenbergite  replacing  wollas- 
tonite, grossular  as  the  only  garnet,  and 
graphite  in  marble  adjacent  to  the  skarn. 
This  is  probably  a  higher  T  deposit  than 
the  Kamioka  (7),  and  the  very  small 
field  that  is  available  for  the  formation  of 
this  deposit  on  Fig.  44  would  be  larger  if 
the  isothermal  jao2"2ftco2  diagram  were 
drawn  for  a  higher  temperature. 


Oxidation  conditions  seem  to  have 
varied  during  the  formation  of  the  Sasa- 
gatani  (16)  and  Naganobori  (18)  de- 
posits, as  indicated  by  the  arrows.  At  the 
Sasagatani  mine  massive  hedenbergite 
and  unreplaced  marble  are  separated 
almost  everywhere  by  a  thin  reaction 
rim  of  andradite  with  quartz  and,  in 
some  places,  altered  wollastonite.  Wol- 
lastonite does  not  touch  hedenbergite. 
At  the  Naganobori  (or  Eboshi,  Yoboshi) 
deposit  massive  hedenbergite  and  marble 
are  in  places  separated  by  andradite 
or  wollastonite  or  both.  Wollastonite 
touches  both  andradite  and  hedenbergite, 
showing  that  the  reaction  rims  at  the 
Naganobori  mine  were  formed  under 
more  reducing  conditions  than  those  of 
the  Sasagatani  (below  the  oxygen  buffer 
Wol  +  2Hed  +  y202  =  2Qtz  +  And). 
The  reaction  rims  at  both  deposits  prob- 
ably were  superimposed  on  original 
massive  hedenbergite-calcite  contacts 
through  an  increase  in  /x02- 

A  similar  instability  of  the  assemblage 
hedenbergite-calcite  is  indicated  at  the 
Nakatatsu  (8)  and  Chichibu  (6)  de- 
posits by  enrichment  of  the  pyroxene  in 
manganese  toward  the  contact  with 
marble.  Zones  of  johannsenite  and  busta- 
mite  are  found  at  the  marble  contact 
itself. 

In  conclusion,  the  proposed  mineral 
stabilities  in  the  system  Ca-Fe-Si-C-0 
are  well  exemplified  by  the  Japanese  de- 
posits. The  early  iron-rich  skarn  min- 
erals of  most  deposits  appear  to  have 
been  deposited  at  ^co2's  and  T's  close  to 
those  needed  to  produce  wollastonite,  and 
at  /xo2's  generally  lower  than  those  of  the 
oxygen  buffer  9Hed  -f-  202  =  Mag  + 
9Qtz  -f-  3And.  Within  this  range  of  con- 
ditions, the  environment  of  formation  of 
many  skarns  is  further  characterized  by 
the  stability  or  metastability  of  the  as- 
semblage hedenbergite-calcite,  by  the 
stability  or  metastability  of  andradite, 
and  by  the  presence  or  absence  of 
graphite. 
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multisystems  analysis  of  the 

Relative  Stabilities  of  Babingtonite 

and  Ilvaite 

D.  M.  Burt 

Babingtonite,  Ca2Fe2+Fe3+Si50i4  (OH)  ,* 
and  ilvaite,  CaFe2+2Fe3+Si2070(OH) ,  are 
hydrated  calcic-ferrous-ferric  silicates 
with  no  known  magnesian  or  aluminous 
analogues.  Both  are  relatively  rare  in  na- 
ture. Ilvaite  most  typically  occurs  as  a 
late  mineral  in  Ca-Fe-Si  skarn  deposits 
with  hedenbergitic  pyroxene  (cf.  Burt, 
this  report,  for  some  Japanese  occur- 
rences) ,  whereas  babingtonite  is  more 
typical  of  zeolitic  veins  and  cavities  in 
basic  igneous  rocks.  Only  seven  reported 
occurrences  of  babingtonite  are  Ca-Fe-Si 
skarn  deposits. 

The  question  arises,  why  are  babing- 
tonite and  ilvaite  uncommon  in  nature, 
inasmuch  as  they  both  are  made  of 
abundant  elements?  Also,  why  is  bab- 
ingtonite so  rare  in  Ca-Fe-Si  skarn 
deposits  in  comparison  with  the  chemi- 
cally similar  ilvaite?  Lastly,  why  was 
neither  mineral  synthesized  during  ex- 
perimental studies  by  Ernst  (1966)  on 
the  stability  of  ferrotremolite?  We  can 
answer  these  questions  using  the  tech- 
nique of  multisystems  analysis  (Korzhin- 
skii,  1959;  Zharikov,  1961;  Zen,  1966, 
1967),  a  logical  extension  of  invariant 
point  analysis. 

This  analysis  is  intended  to  be  prelim- 
inary to  an  experimental  study  of 
phase  equilibria  in  the  system  Ca-Fe-Si- 
C-O-H.  Its  object  is  a  qualitative  under- 
standing of  stability  relations  in  the 
system  at  low  pressures  and  tempera- 
tures, so  that  later  experimental  prob- 
lems involving  slow  reaction  rates  or 
metastable  reactions  can  be  recognized 
when  they  occur. 


*  A  structure  determination  by  T.  Araki  (per- 
sonal communication,  1971)  indicates  that  bab- 
ingtonite is  a  single-chain  pyroxenoid  similar  to 
rhodonite. 


Compositional  Variation 

Chemical  analyses  of  babingtonite 
(Palache  and  Gonyer,  1932;  Vinogra- 
dova  and  Plyusnina,  1967)  are  remark- 
ably consistent  with  the  idealized  for- 
mula. They  indicate  little  substitution  of 
"oxy-babingtonite"  Ca2Fe2+i.rFe3+i+a;  Si5 
014+,(OH)!.,  or  of  Mg2+  and  Al3+,  in  spite 
of  the  fact  that  minerals  reported  as  oc- 
curring with  babingtonite  include  hema- 
tite, magnetite,  and  pyrite,  as  well  as 
aluminous  and  magnesian  minerals  such 
as  hornblende,  chlorite,  prehnite,  pum- 
pellyite,  epidote,  and  zeolites.  The  major 
substitution  in  babingtonite  is  Mn2+  for 
Fe2+,  which  occasionally  is  nearly  com- 
plete (variety  mangan-babingtonite). 
What  is  true  about  substitutions  in  bab- 
ingtonite is  also  true  for  ilvaite  (Bar- 
tholome  and  Dimanche,  1967) .  There- 
fore, for  the  purposes  of  an  analysis  of 
the  relative  stabilities  of  babingtonite 
and  ilvaite,  it  would  appear  sufficient  to 
consider  the  system  Ca-Fe-Si-C-O-H, 
combining  minor  Mn2+  with  Fe2+  as  a 
first  approximation.  Carbon  is  included 
because  most  babingtonite-  and  ilvaite- 
bearing  assemblages  involve  calcite. 

Minerals  Occurring  with  Babingtonite 

In  Table  17  are  listed  eight  phases  in 
this  system  that  seem  to  participate  in 
reactions  involving  babingtonite  (with  or 
without  ilvaite)  on  the  basis  of  natural 
mineral  associations.  At  the  moderate 
temperatures  being  considered  (probably 
less  than  500 °C)  all  are  assumed  to  be 
pure  substances.  At  very  low  tempera- 
tures the  garnet  is  probably  somewhat 
hydrous  (variety  hydroandradite) ,  but 
this  complication  will  be  neglected. 

An  additional  phase,  nontronite,  a 
montmorillonite-group  clay  mineral, 
sometimes  occurs  with  babingtonite  from 
the  Yakuki  mine,  Japan  (Shimazaki, 
1969).  The  composition  of  the  mineral  in 
this  occurrence  is  not  accurately  known, 
however,  so  it  has  been  omitted  from  the 
following  analysis.  A  nontronite-like  ma- 
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TABLE    17.    Minerals   in  the   System 

Ca-Fe-Si-C-O-H  That  Occur  with 

Babingtonite 


Mineral 


Svmbol 


Formula 


Magnetite  Mag  Fe304 

Hematite  Hem  Fe203 

Calcite  Cal  CaC03 

Quartz  Qtz  Si02 

Hedenbergite  Hed  CaFeSi2C>6 

Babingtonite  Bab  Ca2Fe2+Fe3+Si6Oi4(OH) 

Ilvaite  Ilv  CaFe2+2Fe3+Si2070(OH) 

Andradite  And  CasFe^SisO^ 


terial  was  synthesized  in  the  system 
Ca-Fe-Si-O-H  from  starting  materials  of 
ferrotremolite  bulk  composition  by  Ernst 
(1966),  who  doubted  whether  this  was 
an  equilibrium  product.  No  ilvaite  or 
babingtonite  was  reported  from  his  run 
products,  but  the  runs  were  not  seeded 
with  either  mineral. 

Ferrotremolite  (ferroactinolite)  itself, 
Ca2Fer)Si8022(OH)2,  could  be  included  in 
the  analysis;  however,  the  various  am- 
phiboles  that  are  reported  in  contact  with 
babingtonite  seem  always  to  be  mag- 
nesian  or  aluminous  or  both.  In  fact, 
Shimazaki  (1969,  p.  337)  noted  an  ap- 
parent antipathy  between  iron-rich  ac- 
tinolite  and  babingtonite  at  the  Yakuki 
mine,  Japan.  At  this  and  other  skarn  de- 
posits ferrotremolite  (ferroactinolite)  oc- 
curs with  ilvaite  (cf.  Bartholome  and 
Dimanche,  1967,  for  some  Italian 
occurrences). 

J  u  1  g  o  1  d  i  t  e ,  Ca2Fe2+Fe3+2Si04Si207 
(OH)2-H20,  or  ferrous-ferric  pumpelly- 
ite  (Moore,  1971)  is  perhaps  stable  in 
the  system  Ca-Fe-Si-O-H  at  tempera- 
tures below  those  considered  here.  If  it  is 
stable,  a  reaction  by  which  it  might 
form  is 

4Bab  +  26Ilv  +  14And  +  702  + 
61H20  —  38  julgoldite 

In  this  regard,  it  is  interesting  that  the 
pumpellyite  that  occurs  with  babing- 
tonite (and  ferric  iron-rich  prehnite)  in 
the  Noril'sk  district,  USSR,  is  more  than 


half  julgoldite  end  member  (Zolotukhin, 
Vasil'yev,  and  Zyuzin,  1965). 

Multisy stems  Analysis 

If  T,  P,  and  the  chemical  potentials 
(/*'s)  of  H20,  C02,  and  02  are  indepen- 
dently controlled  variables,  then  in  gen- 
eral no  more  than  three  minerals  in  the 
system  Ca-Fe-Si-C-O-H  can  stably  co- 
exist in  a  given  volume  of  ^02-/^20-^002 
space.  The  three-dimensional  network  of 
volumes,  planes,  lines,  and  points  in  this 
space  is  rather  difficult  to  visualize,  and 
a  more  practical  procedure  is  to  project 
this  volume  onto  a  plane.  Projections 
can  be  made  parallel  to  any  of  the  three 
axes;  for  instance,  projection  parallel  to 
the  fxo2  axis  gives  a  diagram  on  the  /xH2o- 
/xco2  plane.  Such  isobaric,  isothermal 
projected  diagrams,  for  which  there  are 
only  two  independently  controlled  vari- 
ables (in  addition  to  T  and  P) ,  depict 
areas  in  which  four  minerals  coexist, 
lines  along  which  five  minerals  coexist, 
and  invariant  points  at  which  six  min- 
erals coexist.  For  an  arbitrarily  chosen 
pressure  and  temperature,  six  minerals 
are  the  maximum  number  that  can 
stably  coexist  in  a  six-component  system. 

If  six  minerals  constitute  an  invariant 
point  on  a  /a-/a  diagram,  seven  minerals 
constitute  a  multisystem  of  (N  +  3) 
phases  (N  =  the  number  of  "buffered" 
components  =  4)  or  "one  negative  de- 
gree of  freedom"  (Korzhinskii,  1959,  p. 
127;  Zen,  1966,  1967).  Such  a  multisys- 
tem is  an  array  of  seven  different  six- 
phase  invariant  points  (stable  and  meta- 
stable)  each  of  which  can  be  labeled  by 
the  phase  (out  of  the  seven)  which  is  not 
involved.  Such  a  multisystem,  further- 
more, has  two  possible  configurations, 
which  are  related  to  each  other  through 
a  transformation  in  which  stable  in- 
variant points  become  metastable,  and 
vice  versa  (Korzhinskii,  1959,  p.  132). 
In  what  follows  the  names  of  phases  not 
involved  in  reactions  are  enclosed  in 
parentheses,  () ;  the  phases  not  involved 
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in  invariant  points  are  enclosed  in  square 
brackets,  [] ;  and  the  phases  not  in- 
volved in  multisystems  are  enclosed  in 
angular  brackets,  <  >. 

Of  the  eight  phases  listed  in  Table  17, 
field  and  experimental  evidence  indicates 
that  two,  hedenbergite  and  hematite,  are 
incompatible  (Burt,  this  report).  This 
incompatibility  suggests  that  phase  equi- 
libria involving  babingtonite  are  repre- 
sentable  on  chemical  potential  diagrams 
in  terms  of  two  seven-phase  multisys- 
tems, one  <  Hed  >  involving  phases  that 
occur  with  hematite  and  the  other 
<  Hem  >  involving  phases  that  occur 
with  hedenbergite.  The  two  multisystems 
must  share  the  common  (stable  or  meta- 
stable)  invariant  point  labeled  [Hem] 
with  respect  to  the  multisystem  <Hed>, 
and  [Hed]  with  respect  to  the  multi- 
system <  Hem  > .  In  order  to  eliminate 
the  ambiguity  regarding  the  two  possible 
configurations  of  each  multisystem,  it 
remains  to  specify  whether  the  common 
invariant  point  [Hem]  or  [Hed]  is 
stable  or  metastable  with  respect  to  its 
proper  multisystem.  This  specification 
in  turn  specifies  the  stability  or  meta- 
stability  of  every  other  invariant  point 
in  the  multisystem. 

The  transformation  that  is  implied  by 
the  two  alternative  ways  of  constructing 
each  seven-phase  multisystem  on  a  //.-/a 
diagram  can  be  represented  as  a  vapor- 
absent  univariant  reaction  that  depends 
only  on  P  and  T.  This  invariant  reaction 
is  derived  by  solving  the  compositional 
determinant  of  the  minerals  in  the  multi- 
system (c/.  Korzhinskii,  1959,  pp.  103- 
106,  109) .  The  univariant  reactions  for 
the  two  multisystems  of  interest  are 

(Cal,Hed)  2Fe203  +  6Si02  + 

Hematite  Quartz 

3CaFe2+2Fe3+Si2070(OH)  + 

Ilvaite 

Ca3Fe2Si3012  = 

Andradite 

3Fe304  +  3Ca2Fe2+Fe3+Si5014(OH) 

Magnetite  Babingtonite 


(Cal,Hem)  Fe304  +  CaFeSi206  + 

Magnetite  Hedenbergite 

2Ca2Fe2+Fe3+Si5Oi4(OH)  = 

Babingtonite 

5Si02  +  CaFe2+2Fe3+Si2020(OH)  + 

Quartz  Ilvaite 

Ca3Fe2Si30i2. 

Andradite 

Calcite,  because  it  is  the  only  C02-bear- 
ing  phase,  cannot  be  involved  in  either  of 
these  reactions. 

Field  evidence  indicates  that  both  re- 
actions as  written  above  go  to  the  right 
under  geologic  conditions  of  interest. 
This  fact  implies  that  the  common  in- 
variant point  [Hem]  =  [Hed]  is  stable 
with  respect  to  both  multisystems.  Thus 
the  assemblage  on  the  right-hand  side  of 
the  first  reaction,  magnetite-babington- 
ite,  is  found  in  several  skarn  deposits, 
among  them  Arendal,  Norway,  the 
Yakuki  mine,  Japan,  and  the  Odino- 
chnoye  deposit,  USSR  (Palache  and 
Gonye'r,  1932;  Vinogradova  and  Plyu- 
snina,  1967).  The  alternative  assem- 
blage for  this  reaction,  hematite-quartz- 
ilvaite-andradite  (with  the  addition  of 
magnetite  and  calcite),  has  been  pro- 
posed as  belonging  to  a  stable  invariant 
point  [Bab]  on  a  /xH2o-^co2  diagram 
(Bartholome  and  Dimanche,  1967) . 
However,  this  inference  was  based  solely 
on  the  fact  that  hematite  occasionally 
occurs  with  ilvaite,  and  the  entire  assem- 
blage has,  to  my  knowledge,  never  been 
described  from  nature.  If  magnetite  is 
stable  with  babingtonite,  the  left-hand 
assemblage  and  the  corresponding  six- 
phase  invariant  point  [Bab],  must  be 
metastable. 

Similarly,  the  assemblage  quartz- 
ilvaite-andradite  on  the  right  side  of  the 
second  reaction  is  found  in  numerous 
Ca-Fe-Si  skarn  deposits,  including  Cam- 
piglia  Marittima,  Italy  (  Bartholome  and 
Dimanche,  1967,  p.  B-538) ,  South  Moun- 
tain, Idaho  (Sorenson,  1927,  p.  19;  also 
Burt,  unpublished),  and  Hanover,  New 
Mexico  (Schmitt,  1939;  Burt,  unpub- 
lished).   The  alternative  assemblage  for 
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the  second  reaction,  magnetite-heden- 
bergite-babingtonite,  occurs  in  the 
Yakuki  mine,  Japan  (Watanabe,  1922, 
p.  62;  Shimazaki,  1969;  Burt,  unpub- 
lished), but  it  is  probable  that  this  as- 
semblage involves  minerals  that  contain 
significant  Mg2+  or  Mn2+.  A  careful 
search  revealed  that  the  right-hand  as- 
semblage, quartz-ilvaite-andradite,  also 
occurs  at  this  mine  (Burt,  unpublished). 
That  both  reactions  go  to  the  right  can 
further  be  shown  by  the  single  assem- 


blage magnetite  -  babingtonite  -  quartz  - 
ilvaite-andradite  that  occurs  in  the  San 
Leone  skarn  deposit,  Sardinia  (Jean 
Verkaeren,  1970,  personal  communica- 
tion). This  assemblage  corresponds  to 
the  stable  invariant  point  [Hem]  [Hed] 
itself. 

Stability  Diagrams 

Figures  45A,  B  are  /xh2o-^co2  projec- 
tions of  the  two  configurations  of  the 
seven-phase  multisystem  <Hed>.  The 


A 


^^COa 


C 


Qtz)    - 

(And) 


(or  P) 


(And) 

(Qtz) 

(Bab) 

(Ilv) 


(Mag) 
(Hem) 


Fig.  45.  Configurations  of  the  (N  +  3)-phase  multisystem  <Hed>  =  Mag-Hem-Cal-Qtz-Bab- 
Ilv-And,  projected  onto  the  /Mu2o-fico2  plane.  (A)  Configuration  if  Hem-Bab-Ilv-And  is  a  stable 
assemblage.  (B)  Configuration  if  Mag-Bab  is  a  stable  assemblage.  (C)  The  invariant  point  [Cal], 
which  can  only  appear  as  a  function  of  T  or  P. 
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two  configurations  correspond  respec- 
tively to  the  left-  and  right-hand  sides 
of  the  first  reaction  (Cal,Hed)  above 
being  stable.  Note  that  for  each  configu- 
ration the  invariant  points  that  are 
stable  bear  the  labels  of  the  mineral  as- 
semblage that  is  assumed  to  be  meta- 
stable  in  the  reaction   (Cal,Hed)  above. 


H-HzO 


The  degenerate  point  [Cal] ,  shown  sepa- 
rately in  Fig.  45C,  is  stable  in  both  con- 
figurations of  the  multisystem  at  infinite 
distance  on  a  /ah2o-mco2  diagram. 

Figures  46,  47,  and  48,  respectively, 
depict  isothermal,  isobaric  /xh2o-/*co2, 
/*o2-/*co2,  and  /uo2-juh2o  diagrams  of  the 
(N  +   4)-   or  eight-phase  multisystem 


Fig.  46.  Isobaric,  isothermal  /x.h2o-ij-co2  diagram  of  the  (N  +  4) -phase  multisystem  Mag-Hem-Cal- 
Qtz-Hed-Bab-Ilv-And,  consisting  of  the  two  (N  +  3) -phase  multisystems  <Hed>  and  <Hem>, 
which  share  the  stable  invariant  point  [Hem]  =  [Hed].  The  assemblage  Cal-Bab  is  stable  in  the 
shaded  area. 
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Fig.  47.  no2-f*co2  diagram  of  the  same  multisystem  as  in  Fig.  46. 


Mag-Hem-Cal-Qtz-Hed-Bab-Ilv-And. 
This  multisystem  consists  of  the  two 
(N  +  3)-  or  seven-phase  multisy stems 
<  Hed  >  and  <  Hem  >  that  share  the 
common  stable  invariant  point  [Hem] 
[Hed] ,  in  accord  with  the  multisystems 
analysis  above. 

In  the  absence  of  adequate  thermo- 
chemical  or  experimental  data  for  many 
of  the  phases,  the  temperature  and  pres- 
sure of  the  diagrams  are  left  unspecified. 


A  computer  program  developed  by  L.  W. 
Finger  was  used  to  calculate  the  reaction 
equations  and  thus  the  unique  slopes  of 
all  the  univariant  lines  on  each  diagram. 
(Each  mineral  was  assumed  to  be  a  pure 
substance.)  Note  that  although  the  slope 
and  relative  position  of  each  line  within 
a  given  (N  -\-  3) -phase  multisystem  is 
fixed  by  compositional  relationships 
alone,  neither  the  absolute  scale  factor 
nor  the  scale  factor  relating  the  correct 
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plotted  sizes  of  the  two  multisystems  can 
be  determined  without  more  data.  Thus, 
the  relative  placement  of  the  common 
invariant  point  [Hem]  [Hed]  in  Figs. 
46  to  49,  although  internally  consistent, 
is  arbitrary. 

The  invariant  points  on  the  /ah2o-/*co2 
diagram  in  Fig.  46  are  the  same  ones  that 
would  be  seen  on  a  T-XCo2  or  a  P-XG02 
diagram  for  phases  in  equilibrium  with 
vapor  in  the  system  Ca-Fe-Si-C-O-H  {X 
is  the  mole  fraction).  It  can  be  shown 
that  lines  of  equal  XG02  on  Fig.  46  would 
be  approximately  parallel,  would  have  a 


slope  of  about  +1  (45°),  and  would  be 
logarithmically  distributed  about  the  line 
-Xco2  =  0-5.  Therefore,  most  of  the  in- 
variant points  of  Fig.  46,  if  plotted  on  a 
T-XCo2  or  P-XGo2  diagram,  would  lie  on 
one  side  or  the  other  of  the  diagram,  in 
regions  of  XC02  ^  0.1  or  of  Xc02  =  1. 
From  the  rarity  of  both  babingtonite  and 
ilvaite  in  nature,  the  45°  line  of  XCo2  = 
0.5  on  Fig.  46  must  pass  through  the 
lower  right  of  the  diagram,  to  the  right  of 
any  of  the  invariant  points.  Hence  all 
the  equilibria  being  discussed  occur  under 
conditions  of  fi02  <  <  m>2  <  </*h2o- 


Fig.  48.  fio2-^u2o  diagram  of  the  same  multisystem  as  in  Fig.  46. 
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As  a  consequence  of  the  fact  that  cal- 
cite  is  the  only  C02-bearing  phase  being 
considered,  none  of  the  univariant  re- 
actions on  the  juo2-^h2o  diagram  (Fig.  48) 
involve  calcite,  and  all  phases  on  this 
figure  can  be  regarded  as  being  in  equi- 
librium with  calcite.  Figure  48  is  also 
valid  for  systems  free  of  CO2,  for  which 
the  vapor  consists  only  of  0  and  H.  It 
can  be  shown  that  in  such  a  vapor  the 
dominant  molecular  species  is  H20,  with 
H2  becoming  significant  only  under  con- 
ditions more  reducing  than  those  consid- 
ered here  (e.g.,  Eugster  and  Skippen, 
1967,  p.  499).  Therefore,  reducing  ^H2o 
on  Fig.  48  will  have  the  same  effect  as 
decreasing  P.  For  univariant  dehydra- 
tion reactions  the  effect  of  decreasing  P 
is  generally  the  same  as  that  of  increas- 
ing T,  so  that  we  can  draw  the  schematic, 
isobaric  log  /o2"^  diagram  (Fig.  49)  for 
the  two  seven-phase  multisystems.    Fig- 


ure 49  is  topologically  a  "mirror  image" 
of  Fig.  48. 

Figure  49  is  similar  to  the  diagram 
that  it  is  hoped  will  result  from  an  ex- 
perimental study  of  phase  relations  in- 
volving babingtonite  and  ilvaite  (in 
progress).  Nontronite,  julgoldite,  and 
hydroandradite  might  appear  at  very 
low  temperatures,  and  ferrotremolite 
and  grunerite  under  comparatively  re- 
ducing conditions,  as  indicated  schemat- 
ically on  the  figure. 

Conclusions 

1.  Implications  regarding  earlier  work. 
First,  the  isobaric,  isothermal  invariant 
point  (six-phase  assemblage)  magnetite- 
hematite  -  calcite  -  quartz  -  ilvaite  -  andra- 
dite,  proposed  by  Bartholome  and  Di- 
manche  (1967),  is  seen  to  be  metastable 
if  babingtonite  and  magnetite  form  a 
stable  assemblage. 


log   f0 


Fig.  43.    Schematic  log  fo2-T  diagram  of  a  part  of   the    system   Ca-Fe-Si-O-H.    Topologically    a 
mirror  image  of  Fig.  48. 
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Second,  the  mineral  assemblages 
formed  by  oxidation  of  a  ferrotremolite 
bulk  composition  probably  should  in- 
clude both  babingtonite  and  ilvaite.  That 
Ernst  (1966)  did  not  obtain  these  min- 
erals as  experimental  products  is  prob- 
ably because  he  did  not  try  to  use  them 
as  seed  crystals. 

2.  Stabilities  of  babingtonite  and  ilva- 
ite with  respect  to  /x02-  Figures  46  and  47 
show  that  under  conditions  of  low  juCo2 
the  assemblage  magnetite-babingtonite  is 
indicative  of  relatively  low-temperature 
oxidizing  conditions.  The  assemblage 
quartz-ilvaite-andradite  is  indicative  of 
higher  temperature  and  more  reducing 
conditions. 

Figures  48  and  49  show  that  babing- 
tonite is  the  first  hydrous  mineral  to 
form  retrogressively  from  a  mixture  of 
magnetite,  quartz,  and  andradite  under 
relatively  oxidizing  conditions,  whereas 
ilvaite  is  the  first  to  form  under  rela- 
tively reducing  conditions.  The  retro- 
grade formation  of  either  mineral  from 
such  a  mixture  is  favored  by  reducing 
conditions.  That  these  reactions  are  so 
rarely  observed  in  nature  is  probably  due 
to  the  fact  that  retrograde  reactions  in 


skarn  deposits  usually  occur  in  the  pres- 
ence of  considerable  Mg  and  Al,  which 
apparently  are  not  accepted  into  the 
structure  of  either  babingtonite  or 
ilvaite. 

3.  Stabilities  of  babingtonite  and  ilva- 
ite with  respect  to  juH2o  and  /xCo2-  The 
specific  reactions  terminal  to  ilvaite  on 
Fig.  46  probably  would  be 

12Ilv  +  C02  =  Gra  +  8Mag  + 
12Hed  +  12H20 

and 

24Ilv  +  13C02  =  Gra  +  14Mag  + 
12Cal  +  6Ftr  +  6H20, 

below  and  to  the  right.  Although  these 
reactions  are  not  shown  on  Fig.  46,  the 
figure  clearly  shows  that  the  formation 
of  babingtonite,  relative  to  that  of  ilva- 
ite, requires  conditions  much  more  de- 
pleted in  C02  and  enriched  in  H20.  In 
this  respect,  babingtonite  has  a  field  of 
stability  not  unlike  that  of  the  zeolites 
(Zen,  1961;  Albee  and  Zen,  1969),  with 
which  it  normally  is  found.  As  shown  by 
the  shaded  area  of  Fig.  46,  the  field  of 
stability  of  the  assemblage  babingtonite- 
calcite  is  even  more  restricted. 
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Electronic  Storage,  Retrieval,  and 

Reduction  of  Data  about  the 

Chemical  Composition  of 

Common  Rocks* 

F.  Chayes 

Reasonably  complete  chemical  anal- 
yses of  igneous  rocks  are  among  the  most 
important  data  of  petrology.  Inferences 
concerning  subjects  as  disparate  as,  for 
instance,  elemental  abundances  in  the 
lithosphere,  the  rates  of  continental 
erosion,  the  salinity  of  sea  water,  and 
methods  of  defining  and  delineating  petro- 
graphic  provinces  often  rely  heavily 
upon  synoptic  studies  of  rock  analyses. 

*  Work  financed  in  part  by  National  Science 
Foundation  grant  GA  1612. 


The  number  of  published  analyses  is 
now  so  large  that  efficient  retrieval  and 
reduction  of  the  data  by  conventional 
procedures  is  no  longer  possible.  Indeed, 
this  has  been  so  for  many  years,  and 
with  the  continuing  improvement  and 
standardization  of  instrumented  analyti- 
cal techniques  the  inadequacy  of  non- 
electronic storage  and  retrieval  proce- 
dures may  be  expected  to  increase 
sharply.  Already  beyond  control  by 
traditional  methods,  the  situation  is  per- 
haps not  without  remedy.  Experience 
with  electronic  data  processing,  here  and 
elsewhere,  clearly  indicates  that  the 
direct  computing  cost  of  most  of  the 
scientific  bookkeeping  required  in  petrog- 
raphy is  rather  trivial.  But  if  direct  com- 
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puting  costs  are  small,  the  fixed  charges 
involved  in  high-speed  computation  are 
not.  Although  it  is  not  yet  clear  how  the 
feat  will  be  accomplished,  it  is  a  safe 
guess  that  these  charges  will  indeed  be 
met.  In  the  not  distant  future  the  elec- 
tronic data  file  will  replace  the  conven- 
tional printed  data  table,  which  can 
usually  be  consulted  in  any  technical 
library  and  in  the  past  was  often  inex- 
pensive enough  for  purchase  by  the 
serious  student.*  Will  work  depending 
upon  such  data  files  then  necessarily  be- 
come the  preserve  of  the  fortunately 
situated  specialist,  or  can  the  enormous 
advantages  of  machine  storage,  retrieval, 
and  reduction  of  analytical  data  be  made 
generally  available  to  the  profession? 
The  answer  to  this  question  depends  en- 
tirely on  how  much  use  the  profession 
would  make  of  a  publicly  accessible  data 
bank  of  rock  analyses.  A  public  system 
that  was  not  rather  widely  used  would 
soon  prove  economically  insupportable, 
but  if  the  fixed  charges  could  be  shared 
by  a  large  enough  group  of  users,  the  cost 
per  retrieval  or  reduction  would  rarely  be 
prohibitive;  indeed,  it  would  usually  be 
remarkably  small. 

During  the  report  year  the  first  steps 
were  taken  in  a  project  aimed  at  obtain- 
ing information  about  the  frequency 
with  which  petrologists  might  use  a  pub- 
licly available  data  bank  of  rock  anal- 
yses and  the  kinds  of  output  they  might 
request  from  the  associated  retrieval  and 
reduction  system.  The  data  bank  con- 
sists of  a  library  of  published  analyses  of 
Cenozoic  volcanic  rocks,  mentioned  fre- 
quently in  recent  Annual  Reports  of  this 
Laboratory;  at  this  writing  it  contains 
more  than  10,300  analyses  and  over  450 
references.  The  availability  of  the  system 

*  The  most  comprehensive  table  of  chemical 
analyses  of  igneous  rocks,  for  instance,  compiled 
in  the  Geophysical  Laboratory  by  H.  S.  Wash- 
ington and  published  as  Professional  Paper  99 
of  the  U.S.  Geological  Survey,  sold  for  $1.75 
until  it  went  out  of  print  many  years  ago.  Oc- 
casionally available  on  the  used  book  market, 
it  was  recently  quoted  at  less  than  $10.00. 


for  public  use  within  the  profession  was 
announced  orally  at  the  Haskins  sym- 
posium of  the  Geophysical  Laboratory  in 
April  1971,  and  shortly  thereafter  200 
copies  of  a  preliminary  User's  Manual 
were  sent  to  petrologists  known  or 
thought  to  be  interested  in  Cenozoic 
volcanism.1"  Recipients  were  invited  to 
utilize  the  existing  system  and  to  suggest 
additions  to  the  program  repertoire  that 
might  be  of  fairly  general  interest.  The 
experiment  is  aimed  more  at  gauging 
than  at  stimulating  interest;  no  an- 
nouncement of  the  system  was  made  in 
the  scientific  press,  and  only  recipients 
who  read — or  skip — the  first  five  pages 
of  the  Manual  discover  that  on  page  6 
they  are  offered  free  computation.  The 
results  of  the  experiment  will  be  reported 
as  they  become  available.  The  remainder 
of  this  note  describes  the  supporting  sys- 
tem as  it  existed  when  the  experiment 
began. 

It  is  easiest  to  explain,  and  sometimes 
also  to  justify,  an  electronic  data  file  as 
a  readily  expandable  substitute  for  a 
conventionally  published  reference  table, 
but  the  file  itself  is  not  legible  in  the 
ordinary  sense  of  the  term,  and  its  entire 
contents  will  rarely  be  available  for  in- 
spection in  alphanumeric  form.  The  sup- 
porting system  must  therefore  include 
programs  that  are  able  to  print  out  any 
specifically  requested  portions  of  it,  so 
that  although  one  cannot  browse  through 
an  electronic  table,  one  can  obtain  ac- 
curate extracts  from  it  in  far  less  time 
than  would  be  required  for  retrieval  of 
the  same  information  from  a  nonelec- 
tronic file  of  comparable  size. 

The  retrieval  services  of  the  current 
supporting  system  are  of  two  types,  each 
of  which  begins  with  a  scan  of  prese- 
lected portions  of  the  geographically 
organized  analysis  section  of  the  data 
file.  The  first  generates  an  alphabetized 
bibliography    of    all    source    references 

t  Those  missed  in  the  first  mailing — mea 
culpa — may  like  to  know  that  copies  of  the 
User's  Manual  are  still  available. 
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whose  index  numbers  are  encountered  in  ing  of  every  word  in  Washington's 
the  scan.  The  second  computes  the  norms  Tables,  if  it  could  be  done  at  all,  would 
of  all  analyses  in  each  record  encoun-  take  months  or  years,  and  could  hardly 
tered  in  the  scan  and  prints  each  analysis  be  regarded  as  a  sensible  way  to  obtain 
with  its  CIPW  norm,  in  column  format,  information.  A  machine  scan  of  an  elec- 
fifteen  per  page.  Options  permit  the  tronic  file  containing  twice  as  many 
user  to  restrict  output  either  to  references  analyses  is  a  routine  operation  requiring 
containing  analyses  of  rocks  denoted  by  about  half  a  minute  and  does  in  fact 
any  one  of  up  to  100  specific  rock  names  yield  precisely  the  information  requested 
or  to  such  analyses  themselves  and  their  when  performed  as  part  of  an  appro- 
norms,  priate  retrieval  program. 
'  The  ease  with  which  this  second  level  The  major  advantage  of  electronic 
of  classification  is  imposed  on  the  re-  storage  over  conventional  tabulation, 
trieval  process  already  suggests  a  funda-  however,  is  not  that  electronic  filing  per- 
mental  distinction  between  electronic  mits  more  efficient  data  retrieval,  but 
and  nonelectronic  filing.  In  a  printed  rather  that  in  many  practical  applica- 
table  the  data  are  locked  into  a  fixed  ar-  tions  it  makes  recording  and  distribution 
rangement.  In  Washington's  Tables,  for  of  the  retrieved  information  quite  un- 
instance,  the  major  classification  is  necessary.  If  the  user  of  an  electronic 
chemical,  and  analyses  of  rocks  that  may  file  wants  to  compare  items  of  informa- 
occur  together  in  the  same  small  island,  tion  visually,  he  will  of  course  have  to 
volcano,  or  even  outcrop  may  be  sepa-  print  the  output  of  his  retrieval  opera- 
rated  from  each  other  by  hundreds  of  tions.  But  if,  as  is  increasingly  the  case, 
pages.  In  the  electronic  file  they  may  the  retrieval  is  merely  a  prelude  to  some 
also  be  far  apart,  but  on  the  output  of  form  of  numerical  data  reduction,  it  will 
any  retrieval  operation  one  can  impose  usually  be  better  to  leave  the  retrieved 
an  ordering  quite  different  from  that  used  information  in  electronic  form  and  pro- 
in  constructing  the  file,  so  that  the  re-  ceed  at  once  with  the  data  reduction, 
trieved  material  juxtaposes  items  whose  Transfer  of  information  to  or  from  the 
locations  in  the  file  are  widely  and  un-  outside  world  is  one  of  the  slowest  and 
systematically  scattered.  The  user  of  a  most  expensive  operations  the  computer 
printed  data  table  finds  it  increasingly  performs;  it  is  a  rule  with  very  few  ex- 
difficult  to  extract  the  information  he  ceptions  that  even  the  most  involved 
seeks  as  his  scientific  interests  and  atti-  petrographic  calculations  will  cost  less 
tudes  diverge  from  those  that  led  to  the  than  a  machine  listing  of  the  data  on 
choice  of  the  classification  used  in  con-  which  they  are  made.  If  the  retrieved 
structing  the  table.  It  might  be  possible,  data  are  not  needed  except  as  input  to 
for  instance,  to  extract  information  about  the  calculations,  they  should  be  left  in 
frequencies  of  association  of  rock  types  the  machine. 

from     Washington's     Tables,     but     the  The    principal    economic    and    intel- 

operation  would  certainly  be  remarkably  lectual  advantage  of  a  central,  publicly 

inefficient.     Such    information,    however,  accessible  data  bank  of  rock  analyses  is 

could  easily  be  obtained  from  any  elec-  thus  not  that  users  would  be  able  to  ob- 

tronic  data  file  containing  the  requisite  tain  from  it  long  lists,  or  card  decks,  of 

taxonomic   and  geographic   data,  what-  analyses  sorted  in  various  intricate  ways, 

ever  the  structure  of  the  file.  but  precisely  that  they  would  have  little 

This  distinction  comes  about  largely  need  for  such  lists  or  decks.    Instead  of 

because   of  the  remarkable   speed   with  sending  the  information  it  has  gathered 

which    modern    computers    perform    the  to  the  printer,  display  console,  or  card 

operation  called  reading.  A  human  read-  punch  for  output,  the  retrieval  program 
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of  the  supporting  system  would  deliver  it 
to  a  special  "problem"  file  in  mass  stor- 
age, where  it  would  be  accessed  and  used 
as  input  by  other  system  programs  that 
would  carry  through  the  requested  data 
reduction.  The  problem  file  would  either 
be  retained  in  mass  storage  or  regen- 
erated as  needed,  depending  on  the  rela- 
tive costs  of  file  storage  and  the  particu- 
lar retrieval  operation  involved. 

The  first  prerequisite  for  such  a  sys- 
tem is  a  general  utility  program  that  will 
perform  the  electronic  equivalent  of 
what  the  scholar  does  in  preparation  for 
any  synoptic  study  of  rock  composition. 
That  is  to  say,  it  must  scan  the  data  file; 
decide  which  analyses  are  acceptable; 
systematically  store  the  requested  in- 
formation copied  or  computed  from  such 
analyses  in  a  problem  file;  provide  the 
user  with  a  list  of  the  instructions  it  re- 
ceived, a  tally  of  the  records  of  the  data 
file  in  which  analyses  satisfying  the  se- 
lection criteria  were  encountered,  and  an 
index  of  the  problem  file  generated. 

Much  time  has  been  spent  during  the 
report  year  in  developing  a  satisfactorily 
general,  utility  sorting  program.  The 
present  version  of  this  program  provides 
the  following  capabilities: 

1.  Any  portions  of  the  data  file  may  be 
scanned  in  any  order. 

2.  Each  analysis  encountered  may  be 
accepted  or  rejected  depending  on 
whether  or  not  it  (a)  contains  more  or 
less  than  assigned  amounts  of  up  to  seven 
of  the  fifteen  "essential"  oxides  or  thirty 
norm  molecules  or  (b)  was  made  on  a 
rock  assigned  any  one  of  up  to  100 
specific  names  in  the  source  reference. 
Options  (a)  and  (b)  may  be  used  inde- 
pendently or  jointly. 

3.  From  all  accepted  analyses,  any 
assortment  of  oxide  weight  percentages, 
oxide  molar  proportions,  and  normative 
molecules  may  be  "saved,"  i.e.,  entered 
in  the  problem  file.  The  name  given  the 
rock  in  the  source  reference  may  also  be 
included  as  one  of  the  elements  of  the 
"save-vector"  of  each  accepted  analysis. 


4.  Up  to  ten  arbitrary  linear  combina- 
tions of  weight  percentages  of  oxides, 
molar  proportions  of  oxides,  and  amounts 
of  norm  molecules  may  be  generated  in 
any  execution.  The  observed  value  of 
any  combination  may  be  either  used  as 
an  additional  selection  criterion  or  added 
to  the  save-vector  of  an  accepted 
analysis. 

5.  The  data  in  the  problem  file  may  be 
collected  in  a  single  "class"  (logical  rec- 
ord) or  partitioned  into  as  many  as 
twenty  different  records.  In  the  subse- 
quent data  reduction,  records  may  be 
processed  individually  or  pooled  in  any 
desired  fashion.  The  problem  file  may 
thus  serve  as  input  for  programs  per- 
forming discriminant  function  analysis, 
principal  component  analysis,  or  other 
forms  of  group  comparison. 

6.  Each  execution  of  the  utility  sort- 
ing program  generates  lists  of  rejection 
criteria,  the  names  of  saved  variables, 
the  index  numbers  of  records  containing 
acceptable  analyses,  the  number  of  such 
analyses  found  in  each,  and  an  index  of 
the  problem  file.  At  the  option  of  the 
user,  an  execution  of  the  sorting  program 
may  either  generate  a  new  problem  file 
or  add  to  an  existing  one;  in  the  latter 
case  the  index  will  be  of  the  complete  file. 
(The  "sort"  and  "save"  schedules  need 
not  be  the  same  in  successive  executions.) 

The  current  plan  is  to  use  this  sorting 
routine  as  an  intermediary  between  the 
main  data  file  and  all  programs  whose 
principal  function  is  data  reduction 
rather  than  retrieval.  Preparation  of 
data  reduction  programs  began  late  in 
the  report  year  and  at  the^  present  writ- 
ing only  one  of  them  is  fully  operative. 
This  is  a  routine  which  generates  univar- 
iate sample  statistics — means,  standard 
deviations,  ranges,  sample  frequency  dis- 
tributions— for  any  variable  or  set  of 
variables,  in  any  record  or  set  of  records, 
of  a  problem  file  generated  by  the  sort- 
ing program.  If  no  instructions  about 
class  marks  are  provided,  the  set  chosen 
for  each  variable  will  embrace  the  full 
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observed  range  of  the  variable  in  a  num- 
ber of  classes  such  that  the  average  class 
density  is  not  less  than  ten.  Alterna- 
tively, the  origins  and  class  widths  can 
be  provided  by  the  user,  or  the  set  read 
in  or  generated  during  a  previous  pass 
of  the  same  execution  may  be  "in- 
herited." This  last  option  makes  class 
frequencies  additive  across  a  set  of 
sample  frequency  distributions. 

The  Use  of  Random  Access  File 

Techniques  in  the  Programs  of 

the  Rock  Information  System 

L.  W.  Finger 

In  the  coding  of  the  programs  of  the 
Rock  Information  System  it  is  a  matter 
of  policy  to  avoid  excessive  dependence 
on  a  particular  computer  system,  and  all 
programs  have  been  written  to  be  as 
machine  independent  as  possible.  How- 
ever, the  rapid  rise  in  computer  costs 
with  increasing  file  size  has  required 
some  relaxation  of  this  policy.  When  the 
earliest  versions  of  Fortran  were  devised 
and  implemented  on  computers,  mag- 
netic tape  was  the  only  form  of  auxiliary 
storage  available.  In  subsequent  genera- 
tions of  computers,  rotating  mass  mem- 
ories (magnetic  disks  and  drums)  have 
been  implemented.  Unlike  tape,  which 
must  be  read  sequentially,  drums  offer 
the  possibility  of  accessing  any  portion 
of  a  file  at  any  time,  since  the  desired 
data  cannot  be  more  than  one  drum 
revolution  from  the  read  heads.  The 
Fortran  systems  of  modern  computers 
nonetheless  still  treat  the  disk  or  drum 
as  tape,  to  provide  device-independent 
code  —  i.e.,  the  user's  program  is  un- 
changed when  the  source  of  the  informa- 
tion is  changed;  all  changes  are  confined 
to  the  (monitor)  system  programs.  Most 
applications  read  the  entire  file  and  are 
therefore  not  affected  by  this  scheme  of 
storage.  However,  programs  of  the  Rock 
Information  System  usually  search  the 
file  and  extract   selected  records.    This 


procedure  consumes  a  great  deal  of  com- 
puter time  and  cost  merely  to  get  the  file 
in  position  to  read  the  record  desired 
next.  Special  routines  that  utilize  the 
random  access  feature  of  the  magnetic 
drum  have  therefore  been  coded  in  the 
assembler  language  for  the  Univac  1108. 
The  data  storage  of  the  random  access 
file  is  preceded  by  a  table  of  contents 
that  specifies  the  initial  storage  location 
for  each  of  the  records  of  the  file  and 
lists  one  additional  datum  for  each  rec- 
ord, namely,  the  location  index  for  anal- 
ysis records  and  the  internal  reference 
number  for  bibliography  records.  This 
additional  information  allows  rapid 
searching  for  certain  types  of  informa- 
tion without  reference  to  the  drum. 

The  random  access  technique  has  in- 
variably cut  computer  costs,  sometimes 
by  as  much  as  a  factor  of  4.  It  is  now 
used  in  all  reading  and  writing  of  mass 
storage  files  by  programs  of  the  Rock 
Information  System. 

The  Proper  Names  of  Common  Rocks 

F.  Chayes 

The  treatment  of  nomenclature  during 
the  construction  of  the  data  file  of  the 
Rock  Information  System  reflects  rather 
well  both  the  indifference  with  which 
problems  of  nomenclature  and  taxonomy 
are  viewed  in  contemporary  petrology 
and  the  practical  consequence  of  this  in- 
difference. Although  initially  no  rock 
names  were  recorded,  a  modified  num- 
erical Troger  system  for  coding  names 
applied  in  the  source  references  was  soon 
developed.  Names  were  attached  to  all 
analyses  subsequently  added  to  the  file, 
but  for  a  considerable  period  about  2500 
existing  entries  remained  unnamed.  Ulti- 
mately, the  nameless  analyses  were  lo- 
cated and  identified  by  specially  pre- 
pared programs,  most  of  the  references 
from  which  they  had  been  drawn  were 
re-examined,  and  the  source  names  were 
added  to  the  file.  Names  used  in  the 
source  references  are  now  recorded   for 
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96%  of  the  analyses  contained  in  the  file. 
But  the  very  considerable  time  consumed 
by  this  second  literature  search  (a  re- 
search in  the  strictest  sense  of  the  term!) 
and  file  update  would  have  been  saved 
if  the  practical  importance  of  nomen- 
clature had  been  realized  early  enough. 

The  system  data  file  contained  (and 
still  contains)  no  explicit  information 
about  mineralogy,  habit,  or  fabric,  and 
for  some  time  there  was  a  conscientious 
attempt  to  include  such  information  in 
the  system  "Troger  name";  indeed,  this 
name  was  often  a  composite  of  the  ways 
in  which  the  rock  was  denoted  through- 
out the  source  rather  than  the  label 
specifically  attached  to  the  particular 
specimen  whose  analysis  was  incorpo- 
rated in  the  file.  The  naming  conventions 
used  by  petrologists  in  their  daily  work 
vary  widely  in  content  and  detail,  how- 
ever, and  it  gradually  became  apparent 
that  our  numbering  system,  permitting 
only  ten  times  as  many  names  as  the 
original  Troger  system,  would  be  inade- 
quate for  the  commoner  rocks.  The 
rather  artificial  attempt  to  maximize  the 
information  content  of  the  rock  name 
was  then  abandoned,  and  wherever  pos- 
sible the  name  was  taken  directly  from 
the  caption  of  the  source  table  contain- 
ing the  analysis.  In  the  course  of  suc- 
cessive reeditings  most  of  the  fancier 
early  names  were  deleted,  but  no  sys- 
tematic note  was  kept  of  their  deletion. 
In  fact,  the  priority  accorded  nomen- 
clature in  the  various  clerical  activities 
concerned  with  file  maintenance  and 
expansion  was  never  high,  and  at  one 
time  there  were  actually  three  overlap- 
ping lists  of  "valid  system  Troger  num- 
bers/' all  incomplete.  In  the  construction 
of  the  data  file,  as  in  the  profession  at 
large,  nomenclature  was  regarded  more 
as  an  amusing  nuisance  than  as  a  major 
responsibility. 

The  existence  of  incomplete  and  mu- 
tually inconsistent  name  indexes  was  an- 
noying  but  not   particularly   damaging 


during  the  period  in  which  the  activity 
of  the  project  was  directed  principally 
toward  expanding  the  data  file.  With  the 
very  first  attempts  at  routine  data  re- 
trieval and  reduction,  however,  the  situa- 
tion changed  drastically.  In  almost 
every  practical  problem  of  any  conse- 
quence, the  initial  sorting  criterion  has 
proved  to  be  the  rock  name.  The  ability 
to  sort  on  geographic,  chemical,  and 
normative  parameters  is  invaluable;  the 
ability  to  sort  on  rock  names  is  indis- 
pensable. But  the  retention  in  the  name 
list  of  many  names  that  were  no  longer 
used  in  the  data  file  now  made  sorting  by 
name  inefficient,  and  the  use  in  the  data 
file  of  many  names  not  catalogued  in  the 
name  list  made  such  sorting  incomplete. 
It  finally  became  necessary  to  generate  a 
new  name  list  containing  only,  and  all, 
names  actually  used  in  the  data  file.  This 
proved  a  more  formidable  task  than 
might  be  supposed  and  provided  oppor- 
tunity for  an  intensive  review  of  the 
nomenclature  of  Cenozoic  volcanic  rocks. 
Of  the  10,321  specimens  whose  analy- 
ses are  contained  in  the  current  version 
of  the  data  file,  368  still  lack  names 
there  but  may  be  named  in  the  source 
references,  257  are  known  to  be  unnamed 
in  the  source  references,  474  are  given  the 
names  of  plutonites  (granite,  gabbro, 
diorite,  etc.),  and  121  are  of  volcanic 
rocks  given  noncompositional  names 
(obsidian,  vitrophyre,  ash,  tuff,  ignim- 
brite).  Including  the  latter,  the  file  con- 
tains analyses  of  9222  named  volcanic 
rocks,  either  extrusives  or  closely  asso- 
ciated hypabyssals.  These  9222  rocks  are 
denoted  by  no  fewer  than  336  distin- 
guishable names,  of  which x200  are  found 
in  Troger  and  the  remainder  are  system 
variants  of  Troger  names.  It  is  to  be  re- 
membered that  we  are  dealing  only  with 
Cenozoic  volcanic  rocks,  that  certain 
types  of  volcanic  rocks  boasting  a  rather 
complicated  nomenclature — e.g.,  kerato- 
phyre,  lamprophyre,  spilite,  kimberlite — 
are  relatively  rare  in  the  Cenozoic,  and 
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that  the  naming  of  plutonic  rocks  is  a 
far  more  involved  and  complicated  busi- 
ness than  the  naming  of  volcanic  rocks. 
There  are  in  fact  well  over  1000  Troger 
numbers,  of  which,  as  just  noted,  only 
200  are  involved  in  this  discussion;  we 
may  presume  that  the  entire  1000  plus 
about  600  variants  would  be  needed  for 
a  similar  treatment  of  all  igneous  rocks 
of  all  ages.  It  is  hardly  surprising  that 
even  the  most  courageous  among  us  quail 
before  this  sea  of  names,  and  that  at  one 
time  or  other  nearly  all  of  us  are  be- 
guiled by  comforting  if  specious  argu- 
ments purporting  to  show  that,  in  the 
great  evolutionary  spectrum  of  the  pet- 
rological  dispensation,  unambiguous  no- 
menclature and  consistent  descriptive 
classification  are  alike  unnecessary  and 
impossible. 

The  name  counts  made  in  the  course 
of  the  clean-up  operation  just  described 
suggest,  however,  that  the  situation  with 
regard  to  the  nomenclature  of  Cenozoic 
volcanic  rocks  is  perhaps  not  as  dreadful 
as  it  may  seem.  Although  there  are  many 
names  for  such  rocks,  the  number  of 
nouns  used  in  these  names  is  remarkably 
small.  In  fact,  in  more  than  81%  of  the 
9222  names  of  volcanic  rocks  in  the  file, 
the  noun*  is  one  of  the  following  thir- 
teen: basalt,  andesite,  dacite,  rhyolite, 
trachyte,  basanite,  phonolite,  trachy- 
andesite,  tholeiite,  dolerite,  trachybasalt, 
hawaiite,  tephrite.  There  are  more  than 
2000  instances  of  each  of  the  first  two  of 
these,  more  than  200  of  each  of  the  next 
six,  and  more  than  100  of  each  of  the  last 
five.  No  other  noun  occurs  in  as  many  as 
100  names  in  the  file,  and  only  three 
occur  in  more  than  50,  but  in  another  387 
names  the  principal  noun  is  one  of  the 
following:  diabase,  essexite,  kimberlite, 
lamproite,  leucitite,  melilitite,  mugearite, 
nephelinite,  teschenite,  theralite,  trachy- 
dolerite. 

*  Or  the  leading  compositional  nominal  ad- 
jective when  the  noun  is  noncompositional. 
This  is  not  common. 


One  possibility  would  appear  to  be  to 
attach  internally  consistent,  unambigu- 
ous definitions  to  this  surprisingly  small 
group  of  commonly  used  names,  and  this 
has  of  course  been  attempted  by  a  long 
succession  of  systematists.  The  attempts 
are  nearly  always  partially  successful, 
but  sufficiently  unsuccessful  so  that  in  a 
few  years  someone  is  willing  to  try  again. 
I  believe  this  is  because  the  systematists 
usually  examine  each  other's  work  in 
great  detail  but  pay  comparatively  little 
attention  to  common  petrographic  usage. 
This  would  perhaps  be  satisfactory  if 
rock  names  were  defined  first  and  then 
used  as  defined,  but  many  of  the  com- 
moner names  have  been  widely  used 
since  before  the  birth  of  our  science  and 
almost  all  have  been  subjected  to  nu- 
merous partially  compatible  or  decidedly 
incompatible  redefinitions.  Of  the  first 
thirteen  names  cited  in  the  previous 
paragraph,  for  instance,  basalt  and 
basanite  are  found  in  Pliny,  trachyte  and 
tephrite  were  proposed  in  1813,  phonolite 
in  1816,  dolerite  in  1819,  andesite  in  1836, 
tholeiite  in  1841,  rhyolite  in  1861,  dacite 
in  1863,  trachybasalt  in  1874,  trachy- 
andesite  in  1894,  and  hawaiite  in  1911. 
Most  were  thus  widely  used  before  good 
thin  sections  or  microscopes  were  gen- 
erally available,  and  with  the  exceptions 
of  trachyandesite  and  hawaiite,  all  had 
been  applied  innumerable  times  before 
the  day  of  reasonably  reliable  "com- 
plete" silicate  analysis.  Yet  nowadays 
their  systematic  definitions  are  fixed  al- 
most entirely  by  the  chemical  composi- 
tion and  appearance  in  thin  section  of 
the  objects  they  denote. 

All  were  codified  and  to  some  extent 
redefined  in  successive  editions  of  Rosen- 
busch's  great  treatise,  surely  the  most 
influential  work  of  the  heroic  age  of 
petrology.  The  starting  point  for  later 
discussions  is  not  so  much  how  rock 
names  are  actually  used  by  petrologists 
but  how  they  were  defined  by  Rosen- 
busch.   Petrologists,  whether  or  not  they 
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were  students  of  Rosenbusch  or  adher- 
ents of  his  system,  have  nevertheless 
gone  on  using  substantially  the  same 
repertoire  of  rock  names,  and  if  we  now 
wish  to  discover  the  properties  of  objects 
denoted  by  these  names  we  must  examine 
and  compare  the  myriad  descriptions 
and  analyses  contained  in  the  journal 
and  reference  literature.  This  is  an  un- 
realistic assignment  if  conventional  re- 
trieval and  reduction  techniques  must  be 
used.  It  is  a  thoroughly  reasonable  one 
if  the  data  processing  is  electronic.  The 
system  file  has  already  been  used  for  a 
number  of  exploratory  projects  of  the 
sort  (Chayes,  1966,  1969,  1971),  and 
more  are  in  progress. 

A  Further  Look  at  the  Level  of  Silica 
Saturation  in  Andesite 

F.  Chayes 

Although  there  is  both  surprisingly 
little  information  and  considerable  dis- 
agreement (for  a  review  of  the  latter  see 
Year  Book  64,  pp.  155-159)  about  the 
occurrence  and  abundance  of  modal 
quartz  in  andesite,  it  was  shown  some 
time  ago  (Chayes,  1969)  that  the  silica 
oversaturation  of  these  rocks  is  con- 
spicuously more  pronounced  than  is  sug- 
gested in  any  of  the  standard  petro- 
graphic  classifications.  Andesites  are 
often  severely  oxidized,  and  in  normative 
calculations  on  subalkaline  material  of 
this  kind  neither  Fe203  nor  the  FeO  al- 
lotted it  to  form  mt  is  assigned  any 
silica.  Thus  the  rather  unexpected  abun- 
dance of  normative  Q  in  andesite  might 
be  merely  a  numerical  consequence  of 
oxidation. 

That  surficial  or  hydrothermal  oxida- 
tion might  have  an  effect  of  this  kind  is 
hardly  to  be  doubted.  But  systematic 
compensation  for  this  effect  requires 
some  standard  oxidation  state  to  which 
analyses  could  be  adjusted  prior  to  nor- 
mative calculation.  There  is  of  course  no 
such  standard  state,  and  no  sound  basis 


for  assuming  one,  for  any  volcanic  rock. 
The  maximum  effect  of  observed  oxida- 
tion state  on  normative  silica  saturation 
is  not  difficult  to  compute,  however,  and 
will  give  some  indication  of  its  impor- 
tance in  this  respect. 

For  analyses  of  the  type  in  question 
the  required  calculations  may  be  made 
without  difficulty  from  the  molar 
amounts,  but  if  the  conventional  norm  is 
available,  Qr — the  Q  that  would  be  found 
if  all  Fe20H  were  reduced  to  FeO  prior  to 
calculation  of  the  norm — is  simply 

Qr  =  Q—  (0.7785  mt  +  0.7525  he) , 

(1) 

the  term  in  brackets  being  the  weight 
percentage  of  Si02  required  to  convert 
all  the  iron  oxide  reporting  in  magnetite 
and  hematite  to  ferrosilite.  (If  Qr  <  0 
the  complete  reduction  of  Fe3+  to  Fe2+ 
shifts  the  analysis  from  oversaturation  to 
saturation,  i.e.,  from  Q  normative  to  ol 
normative.) 

In  the  sorting  program  described  in  the 
first  section  of  this  report  CIPW  norms 
may  be  computed  as  required,  and  Qr 
may  be  introduced  as  one  of  the  arbi- 
trary linear  combinations.  Problem  files 
generated  from  the  data  file  by  the  sort- 
ing program  were  accordingly  used  as 
input  to  the  system  univariate  sample 
statistic  program  in  order  to  determine 
whether  the  rather  pronounced  oversatu- 
ration of  andesite  previously  noted  was 
merely  an  indirect  consequence  of  oxida- 
tion. The  results  indicate  rather  clearly 
that  it  may  not  be  dismissed  in  this 
fashion. 

The  work  was  xconfined  to  the  2036  Q 
normative  andesites  now  in  the  data  file. 
In  92.6%  of  these,  Qr  >  0,  i.e.,  silica 
oversaturation  survives  complete  reduc- 
tion of  Fe208  to  FeO.  In  the  151  from 
which  oversaturation  is  eliminated  by  Fe 
reduction,  in  all  of  which,  incidentally, 
Q  is  very  low  to  begin  with,  the  average 
Si02  deficit  is  only  2.0%.  This  amount 
of  Si02  would  be  "released"  by  the  desili- 
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TABLE  18.    Effect  of  Oxidation  State  on 

Normative   Silica   Oversaturation   in 

Andesite* 


Oxidation        Average 
Ratio                 Q 

Average 

Qr 

No.  of 

Analyses 

Ox  <  1/8 
1/8^0x^1/4 
1/4^0x^3/8 
3/8  <  Ox 

12.55 
13.33 
14.20 
16.63 

11.18 
10.53 
10.29 
12.03 

204 
821 
491 
355 

All 

14.10 

10.82 

1871 

*  Q,  Qr  and  Ox  as  defined  in  text.  (Fourteen 
"andesite"  analyses  with  over  70%  Si02  have 
been  omitted  from  the  tally.) 


cation  of  8.7%  fs  to  6.7%  fa.  The  aver- 
age Qr  content  of  the  1885  norms  whose 
oversaturation  survives  Fe  reduction  is 
10.8%  as  opposed  to  an  average  Q  of 
14.1.  This  result  is  shown  in  the  last  line 
of  Table  18.  In  preceding  lines  the  aver- 
age Q  and  Qr  are  compared  for  analyses 
'characterized  by  differing  values  of  the 
molar  oxidation  ratio,  Ox  =  Fe2Oa/ 
(Fe203  +  FeO).  It  is  clear  from  the 
table  that,  whatever  its  initial  value,  re- 
duction of  the  oxidation  ratio  to  zero 
does  not  eliminate  the  decidedly  over- 
saturated  character  of  the  great  bulk  of 
andesite  analyses.  Whether  andesites 
were  in  fact  ever  reduced  to  this  extent 
as  rock  liquids,  their  numerical  reduction 
does  indeed  appreciably  reduce  the  nor- 
mative silica  saturation.  But  even  the 
smallest  average  Qr  of  Table  18  is  some- 
what larger  than  the  maximum  norma- 
tive Q  permitted  andesite  in  most  petro- 
graphic  classifications. 

Some  Anomalies  in  the  Norms  of 

Extremely  Undersaturated 

Lavas 

F .  Chayes  and  H.  S.  Yoder,  Jr. 

The  principal  objective  of  the  ingeni- 
ous schedule  of  calculation  in  the  CIPW 
system  is  to  produce  qualitative  agree- 
ment   between    norm    and    mode,    but 


it  is  well  known  that  in  the  treat- 
ment of  the  extremely  subsilicic  leu- 
cite  and  melilite  rocks  it  fails  of  this 
objective;  the  norms  of  these  uncommon 
but  in  some  respects  exceedingly  impor- 
tant rocks  are  nearly  always  markedly 
abmodal.  In  the  analyses  listed  in  Wash- 
ington's Tables,  for  instance,  there  is 
about  a  1:1  chance  that  the  norm  of  a 
leucitic  rock  will  lack  Ic  or  that  leucite 
will  not  be  among  the  minerals  present 
in  a  rock  whose  norm  contains  Ic.  Again, 
leucite  is  by  no  means  always  accom- 
panied by  nepheline,  but  in  the  norm  Ic 
can  occur  without  ne  only  in  the  most 
unlikely  event  that  Na20  is  either  en- 
tirely lacking  or  entirely  consumed  by 
ac  and  ns.  This  almost  invariable  nor- 
mative association  of  Ic  with  ne  is  a  con- 
sequence of  the  useful  normative  incom- 
patibility of  ab  and  Ic,  an  incompatibility 
introduced  into  the  system  to  reflect  the 
fact  that  although  basic  plagioclase  is  a 
common  associate  of  leucite,  sodic  pla- 
gioclase is  not. 

With  regard  to  melilite  the  situation  is 
perhaps  even  more  muddled,  for  there  is 
no  direct  normative  analogue  of  this 
mineral  in  the  now  standard  schedule  of 
calculations.  When  the  CIPW  system 
was  first  proposed  it  included  an  "aker- 
manite"  molecule.  This  was  soon  dropped 
in  favor  of  the  simpler  Ca-olivine  larnite 
(Washington,  1915)  denoted  by  In,  but 
in  several  respects  In  is  a  poor  proxy  for 
melilite.  Indeed,  rocks  whose  norms  con- 
tain In  frequently  do  not  contain  melilite, 
monticellite,  merwinite,  or  rankinite. 
And  although  the  mineral  assemblage 
melilite-plagioclase  is  vanishingly  scarce 
in  igneous  rocks,  there  is  no  injunction 
against  the  normative  assemblage  In 
+  cm- 

We  have  been  engaged  in  an  intermit- 
tent study  of  possible  modifications  of 
the  CIPW  combining  conventions  that 
would  meet  some  of  these  objections  and 
have  the  effect  of  generating  somewhat 
more  realistic  norms  of  extremely  sub- 
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silicic  volcanic  rocks.  The  work  is  pro- 
visional only,  and  this  review  is  pre- 
sented in  the  hope  that  it  will  stimulate 
discussion  of  the  problem.  Although  all 
the  suggested  changes  could  be  incorpo- 
rated in  the  basic  logic  of  any  norm  code, 
we  have  found  it  convenient  to  work 
backward,  editing  an  existing  program  so 
that  in  effect  we  modify  a  conventional 
Ic  or  In  bearing  norm  it  has  generated. 
The  program  in  question  is  the  now 
rather  widely  circulated  subroutine 
CIPW,  which  is  also  a  part  of  the  Rock 
Information  System  described  in  the  first- 
section  of  this  report. 

With  helpful  advice  from  C.  E.  Tilley, 
one  of  us  (F.C.)  several  years  ago  de- 
veloped special  options  with  the  object 
of  providing  normative  analogues  of  the 
not  uncommon  modal  association  of 
alkali  feldspar  with  K-containing  nephe- 
line,  for  which  the  standard  calculation 
schedule  may  in  extreme  cases  generate 
the  abmodal  normative  association  Ic  -\- 
ne.  The  relations  proposed, 


and 


Ic  -»  kp  +  or 
Ic  +  ne -»  kp  +  ab, 


are  available  in  versions  of  CIPW  of 
which  many  readers  will  have  received 
copies.  The  first  has  been  reported  as  a 
high-pressure  reaction  by  Seki  and  Ken- 
nedy (1964)  but  is  used  in  the  present 
context  simply  as  a  device  for  desilicat- 
ing  Ic  without  generating  ab.  The  second 
is  used  when  the  rock  actually  contains  a 
highly  sodic  plagioclase,  so  there  is  no 
objection  to  generating  ab;  in  this  case 
the  kp  is  to  be  regarded  as  a  component 
of  nepheline,  for  the  association  kalsilite- 
albite  is  unknown.  The  major  objective 
of  both  procedures  is  to  avoid  reporting 
Ic  in  norms  of  rocks  known  to  lack  leu- 
cite;  neither  places  any  restriction  on  the 
kp/(ne  +  kp)  ratio,  although  it  is  well 
known  that  in  rock-forming  nepheline 
the  molar  value  of  this  ratio  rarely  ex- 


ceeds 0.25.  It  probably  would  be  desir- 
able to  restrict  the  normative  ratio  of 
kp/ (ne  +  kp)  to  this  value  and  retain, 
in  norms  free  of  ab,  any  Ic  surviving  gen- 
eration of  the  requisite  amount  of  kp. 

We  have  recently  been  examining 
modifications  aimed  at  eliminating  the 
normative  association  (In,  an),  and  for 
this  purpose  currently  favor  the  trans- 
formation 

an  +  In  +  ol  — >  tc  +  di 

or,  if  ol  is  lacking, 

an  -f-  In  — >  tc  +  wo, 

where  "tc"  denotes  the  Tschermak  mole- 
cule CaO-Al203-Si02  and  is  to  be  re- 
garded as  a  component  of  pyroxene.* 
This  will  always  eliminate  either  an  or 
In.  Most  of  the  norms  in  which  In  sur- 
vives the  transformation  are  of  rocks 
which  do  actually  contain  melilite.  Noth- 
ing in  this  affects  the  presence  or  absence 
of  normative  Ic,  however,  and  the  occur- 
rence of  Ic  in  the  norms  of  mafic  leucite 
free  rocks  is  largely  restricted  to  melilite 
rocks.  Such  rocks  usually  lack  feldspar, 
so  the  Ic  modifications  suggested  above 
would  scarcely  remedy  the  situation. 

None  of  the  transformations  discussed 
here  has  been  included  in  the  system  ver- 
sion of  CIPW,  which  generates  a  stand- 
ard norm  conforming,  except  for  omis- 
sion of  halogens  and  sulfur  compounds, 
to  the  prescriptions  of  Washington, 
Holmes,  Shand,  and  Johannsen.  We 
would  appreciate  comments  from  inter- 
ested readers  on  these  and  other  possible 
modifications  aimed  -at  generating  more 
reasonable,  i.e.,  less  abmodal,  norms  for 
extremely  undersaturated  volcanic  rocks. 

*  There  is  no  normative  analogue  of  monticel- 
lite,  so  that  monticellite-bearing  rocks — e.g.  cer- 
tain alnoites — would  be  represented  normatively 
by  the  assemblage  (In,  ol),  which  would  also  be 
taken  as  an  indication  of  modal  melilite  + 
olivine.  Melilite  and  monticellite  are  both  ex- 
ceedingly rare  minerals,  but  in  volcanic  rocks 
the  former  is  far  commoner  than  the  latter. 
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Crystal-Field  Spectra 
H.  K.  Mao  and  P.  M.  Bell 

Instrumentation 

Two  years  ago,  crystal-field  measure- 
ments were  reported  for  spectra  taken  at 
high  pressures  with  a  single-beam  micro- 
photometer  made  available  by  the  Na- 
tional Bureau  of  Standards  (Bell  and 
Mao,  Year  Book  68).  During  the  last 
year,  instrumentation  has  been  com- 
pleted at  the  Geophysical  Laboratory  for 
dual-beam  measurements  of  crystal-field 
spectra,  with  support  provided  by  the 
National  Science  Foundation  (grant  GA- 
22707).  Monochromatic  radiation  from 
the  near-ultraviolet  (NUV)  and  visible 
(VIS)  through  the  near-infrared  (NIR) 
is  supplied  by  means  of  a  Cary-171  spec- 
trometer. The  resolution  of  the  measure- 
ments in  the  NIR  is  increased  by  spe- 
cially blazed  diffraction  gratings.  Sample 
and  reference  beams  are  polarized  by  a 
pair  of  matched  Glan-Thomson  prisms, 
and  are  introduced  to  the  sample  and 
reference  through  a  nonabsorbing  sub- 
stage  condenser  system. 

Single  crystals  of  pigeonite  (approxi- 
mately enstatite5owollastonite8f  errosil- 
ite29)  and  olivine  (forsterite5ofayalite50) 
from  lunar  sample  A- 12040  (provided  un- 
der NASA  contract  9-9988)  and  of  syn- 
thetic orthoferrosilite  (prepared  from 
FeO  +  Si02  at  1000°C,  20  kb,  3  hours) 
were  measured  in  the  NIR  and  VIS  re- 
gions. The  lunar  crystals  were  measured 
at  1  atm.  Spectra  of  oriented  crystals  of 
ferrosilite  were  measured  at  1  bar  and  at 
13,  20,  25,  and  90  kb.  The  diamond- 
windowed  pressure  cell  (Bell  and  Mao, 
Year  Book  68)  was  used  for  the  pressure 
experiments. 

The  high  resolution  of  the  system,  even 
when  the  pressure  cell  is  employed, 
makes  it  possible  to  deduce  band  assign- 
ments in  many  instances.  Several  are 
indicated  on  Figs.  50-53.  Observed  shifts 
of  absorption  bands  with  pressure  in  the 


NIR  confirm  the  preliminary  observa- 
tion (Bell  and  Mao,  Year  Book  68)  that 
the  "radiation  window,"  which  provides 
a  mechanism  for  radiative  heat  transfer 
in  the  earth,  broadens  at  high  pressure. 
This  effect  tends  to  counter  an  increased 
absorption  in  the  NIR  observed  at  high 
temperature  by  Fukao,  Mizutani,  and 
Uyeda  (1968). 

Pigeonite 

A  large  single  crystal  (225  /xm  long)  of 
pigeonite  from  lunar  sample  A-12040 
was  selected  at  the  Lunar  Receiving 
Laboratory  by  L.  W.  Finger,  who  per- 
formed single-crystal  Weissenberg  meas- 
urements for  identification.  With  the  aid 
of  a  spindle-stage,  polarized  spectra  for 
three  orientations  were  obtained,  two  of 
which  are  shown  in  Fig.  50A.  The  NIR 
bands  closely  approximate  those  of  or- 
thopyroxene  (Burns,  1970).  The  absorp- 
tion bands  at  11,000  and  5300  cm"1  prob- 
ably correspond  to  Fe2+  in  distorted  M2 
sites.  Iron  coordinated  in  the  less 
distorted  Ml  site  causes  a  band  at  8500 
cm"1.  Other  bands,  such  as  those  between 
14,000  and  19,000  cm"1  and  the  finely 
split  bands  at  19,700  cm"1,  may  be  due 
to  Fe3+-charge  transfer  (Burns,  1970) .  If 
present,  Ti3+  bands  and  a  doublet  due  to 
the  chromous  ion  would  also  superimpose 
on  this  region. 

Olivine 

Unlike  the  olivine  crystals  from  an 
Apollo  11  rock,  which  showed  major  ab- 
sorption bands  caused  by  Fe2+  with 
minor  bands  possibly  caused  by  Cr2+ 
(Haggerty  et  al.,  1970a) ,  an  olivine  crys- 
tal from  an  Apollo  12  rock  (A-12040) 
showed  only  normal  absorptions  from 
Fe2+  in  the  NIR. 

The  iron  content  of  the  Apollo  12 
olivine  is  greater  than  those  measured 
from  Apollo  11  (50%  Fe2Si04  versus 
25%  Fe2Si04),  and  the  polarized  spectra 
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Fig.  50.   Polarized  spectra  of  lunar  crystals.    (A)  Pigeonite. 
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Fig.  50B.  Olivine,  thickness  «  0.2  mm. 
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Fig.  50C.  Expanded  scale  of  visible  portion  of  spectra  shown  in  (B), 
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Fig.  51.  Crystal-field  spectra  of  orthoferrosilite.    (A)  Polycrystal,  1  bar  and  90  kb.    (B)  Single 
crystal,  1  bar  and  13  kb.   (C)  Single  crystal,  1  bar.   (D)  Single  crystal,  25  kb. 
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for  three  optical  orientations  (a,  j3  and  y)  at  approximately  625  nm)  usually  as- 
show  intense  absorption  (Fig.  50B,C).  signed  to  Fe3+  charge  transfer  (Burns, 
Weaker  bands  (centered  at  450  nm  and     1970)  are  observed,  but  this  assignment 


GEOPHYSICAL     LABORATORY 


213 


Fig.  52.  Photomicrograph  of  a  ferrosilite  and  a  KC1  crystal  in  immersion  oil  in  the  diamond- 
windowed  pressure  cell. 


is  not  definitive  and  could  be  caused  by  a 
spin-forbidden  transition  in  Fe2+  (Burns, 
personal  communication) . 

Ferrosilite 

The  effects  of  pressure  up  to  approxi- 
mately 90  kb  on  a  polycrystalline  aggre- 
gate of  pure  orthoferrosilite  (FeSi03) 
were  observed  in  the  diamond-windowed 


pressure  cell.  The  cell  was  placed  on  the 
microscope  stage  in  the  sample  beam, 
and  a  duplicate  without  a  sample  was 
placed  on  the  reference  beam.  Figure  51A 
shows  the  unresolved  absorption  of  Fe2+ 
at  1  bar  and  approximately  90  kb  (pres- 
sure determined  by  comparison  with  the 
Agl  transition  that  occurs  at  100  kb). 
This  band  marks  the  high-energy  end  of 
the     "radiation     window"     referred     to 
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above.  Pure  ferrosilite  has  not  been 
measured  previously,  so  experiments  with 
single  crystals  were  performed  at  pres- 
sure to  obtain  resolution  for  the  purpose 
of  observing  the  actual  mechanisms. 

Figure  51C  shows  detailed  ferrosilite 
polarized  spectra  at  1  bar  (band  assign- 
ments for  Fe2+  in  Ml  and  M2  octahedral 
coordinations  after  Burns,  1970)  for  two 
optical  orientations.  Figure  51B  shows 
the  polarized  spectra  at  1  bar  in  water 


and  at  approximately  13  kb  (slightly 
higher  pressure  than  the  formation  of  ice- 
VI) .  The  main  bands  at  940-950  nm  have 
begun  to  shift.  Figure  51D  shows  the 
polarized  spectra  at  approximately  25 
kb.  In  this  experiment  Cargille  index  oil 
(n  =  1.500  at  1  bar)  was  used  as  the 
pressure  fluid,  and  the  ferrosilite  was 
pressurized  together  with  a  crystal  of 
KC1,  shown  in  Fig.  52.  (The  pressure 
was  raised  slightly  higher  than  19.3  kb, 
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Fig.  53.  (A)  Summary  of  the  shift  of  crystal-field  bands  of  ferrosilite  with  pressure  (p,  wave 
numbers).  (B)  Ferrosilite  energy  diagrams  for  Fe2+,  Ml,  and  M2  at  1  bar  and  25  kb  (energy  in  wave 
numbers). 
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where  the  KCli-n  transition  was  ob- 
served.) Strong  shifts  in  all  crystal -field 
bands  occur.  These  shifts  are  sum- 
marized in  Fig.  53A. 

In  an  interpretation  of  the  mechanisms 
of  absorption  shift  with  pressure,  energy- 
level  diagrams  for  Fe2+  in  the  Ml  and 
M2  sites  have  been  constructed  and  are 
shown  in  Fig.  53B.  The  absorption  band 
at  10,627  cm-1  (a)  shifts  to  higher  energy 
at  a  rate  of  approximately  13  cm_1/kb. 
The  bands  at  8333  cm-1  (a)  and  4878 
cm"1  (/?)  shift  more  rapidly  (21  cm_1/kb 
and  28  cm_1/kb).  The  crystal-field 
splitting  of  the  eg  orbital  group  decreases 
with  pressure  at  both  Ml  and  M2,  sug- 


gesting less  distortion  of  the  octahedral 
field  at  high  pressure. 

Recent  57Fe  Mossbauer  Spectroscopic 

Studies  of  Some  Common 

Rock-Forming  Silicates 

D.  Virgo 

57Fe  resonance  spectroscopy  is  useful 
for  determining  the  valence  state  and 
geometrical  configuration  of  iron  in  a 
crystal  structure.  Absorption  patterns 
are  obtained  that  correspond  to  57Fe  in 
energetically  different  positions  in  a  crys- 
tal. The  relative  intensities  of  these  pat- 
terns are  a  precise  measure  of  the  iron 
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concentrations,  and  the  splittings  and 
shifts  of  the  absorption  peaks  are  charac- 
teristic of  the  valency  and  degree  of 
ionicity  of  the  iron  polyhedra. 

Chain  silicates  such  as  the  pyroxenes 
and  the  cummingtonite-grunerite  series 
and  the  orthosilicates  Fe,Mg  olivines 
have  several  distinct  cation  sites  that 
may  be  differentially  occupied  by  ferrous 
iron  and  magnesium.  Recently,  many 
papers  concerning  the  question  of  order- 
disorder  of  iron  and  magnesium  between 
the  distinct  positions  in  the  structure 
have  been  presented  (e.g.,  Virgo  and 
Hafner,  1969,  1970;  Hafner  and  Ghose, 
1971;  Bush,  Hafner,  and  Virgo,  1970). 
These  data  have  been  amenable  to  simple 
thermodynamic  treatments,  and  informa- 
tion about  the  mixing  properties  of  the 
solutions  and  the  kinetics  of  order-dis- 
order transformations  has  been  ascer- 
tained. Application  to  natural  crystals 
has  led  to  a  semiquantitative  under- 
standing of  the  cooling  history  of  rocks 
in  a  variety  of  geological  environments. 

During  1970  the  author's  research  was 
carried  out  in  the  Department  of  the 
Geophysical  Sciences,  University  of  Chi- 
cago, and  these  studies  are  now  being 
continued  at  the  Geophysical  Labora- 
tory. Some  of  this  work  is  reported  below 
and  in  conjunction  with  Finger's  paper 
on  Fe/Mg  ordering  in  olivine. 

Temperature  Calibration  of  Site 

Populations  in  Ca-Enriched 

Clinopyroxenes 

Order-disorder  relationships  have  been 
studied  in  the  MgSi08-FeSi0.s  system 
(Virgo  and  Hafner,  1969,  1970).  The  ex- 
tension of  these  studies  to  a  more  compli- 
cated system  containing  a  third  major 
component  (such  as  Ca  in  the  clinopy- 
roxenes) included  synthetic  samples  of 
pyroxenes  whose  compositions  lie  across 
the  hedenbergite-ferrosilite  join  (Dowty 
and  Lindsley,  Year  Book  69,  p.  190)  and 
across  the  quadrilateral  (Matsui, 
Maeda,  and  Syono,  1969)  and  lunar 
clinopyroxenes     (Hafner    and    Virgo, 


1970).  Kinetics  of  the  order-disorder 
process  in  clinopyroxenes  and  the  related 
temperature  dependence  of  the  deduced 
site  occupancies  are  less  well  documented 
for  these  pyroxenes  than  the  approxi- 
mately binary  orthopyroxene  series. 
Nevertheless,  knowledge  of  the  intra- 
crystalline  exchange  process  in  the  latter 
system  and  in  combination  with  avail- 
able experimental  data  on  the  lunar 
clinopyroxenes  can  be  used  to  form  a 
general  model  of  site  populations  in 
clinopyroxenes  with  compositions  within 
the  enstatite-diopside- hedenbergite-fer- 
rosilite quadrilateral. 

Intracrystalline  exchange  in  pyroxenes 
can  be  represented  by  a  reaction  such  as 

Fe(Ml)  +  Mg(M2)  z±  Fe(M2)  + 
Mg(Ml) 

(1) 

where  Ml  and  M2  refer  to  the  respective 
octahedral  sites.  At  equilibrium,  the  site 
populations  are  related  to  a  distribution 
coefficient,  k,  where 


k=(X1)(l-X2)/X2(l-X1), 


(2) 


where  the  X's   are  the   site   occupancy 
numbers. 

In  the  nearly  Ca-free,  MgSi03-FeSi03 
series,  the  exchange  reaction  (1)  closely 
approaches  the  case  for  ideal  exchange  at 
the  sites  (2)  over  the  temperature  range 
500°-1000°C  and  for  Fe/(Fe  +  Mg) 
ratios  less  than  approximately  0.6.  This 
\  process  is  characterized  by  an  average 
standard  Gibbs'  free  energy  of  exchange 
(AGV)  of  ^3.6  kcal/formula  unit.  For 
pigeonite  phenocrysts  from  the  coarse- 
grained lunar  basalt,  12021,150,  &GE° 
was  determined  to  be  essentially  invari- 
ant over  the  temperature  range  550°- 
1000°C  and  equal  to  4.0  kcal/formula 
unit  (Hafner,  Virgo,  and  Warburton, 
1971).  Values  for  more  Ca-rich  clino- 
pyroxenes are  less  well  known.  Augite 
separates  from  the  lunar  basalts  10003 
and  10044  contain  25  to  36  mole  %  wol- 
lastonite  component  and  are  almost  com- 
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pletely  ordered ;  Mg  occurs  exclusively  at 
Ml.  From  heating  experiments  at  1000°C, 
AGe°  was  determined  to  be  approxi- 
mately 7-10  kcal/formula  unit.  More 
recently,  measurements  of  a  pyroxene 
separate  from  the  basalt  12021,150  con- 
taining 27  mole  %  wollastonite  and  heat- 
ing experiments  at  800°  and  1000  °C  indi- 
cate general  agreement  with  the  experi- 
ments on  the  Apollo  11  pyroxene  samples. 
The  suggested  pattern,  then,  is  for  a 
more  or  less  linear  dependence  of  AGE° 
with  the  wollastonite  component  of  py- 
roxenes, AGE°  being  smallest  in  the  Ca- 
free  orthopyroxene  system.  From  these 
results  a  temperature  grid  can  be  con- 
ducted for  pyroxenes  within  the  pyroxene 


Fig.  54.  Plot  of  temperature  against  the  equi- 
librium distribution  constant  k  —  (Fe/Mg)Mi/ 
(Fe/Mg)M2  for  orthopyroxenes  [(Mg,Fe)Si03] 
pigeonite  12021,150-P1  [(Mg,Fe)o.o3Ca0.o7Si03] 
pigeonite  12053,79-Pl  [(Mg,Fe)0.9oCao.ioSi03] 
and  augite  10044.25-P2  [(Mg^eWCao.aoSiOsL 
The  slopes  of  the  lines  are  constructed  assuming 
a  constant  standard  Gibbs'  free  energy,  AGe°, 
determined  from  a  linear  plot  of  AGE°  and 
molecular  percentage  of  wollastonite  in  the  sam- 
ple. Crosses  correspond  to  the  respective  meas- 
ured kn  values  for  the  unheated  samples.  For 
the  orthopyroxene  line,  the  crosses  correspond 
to  volcanic  samples  from  Hawaii  (Hafner  and 
Virgo,  1970).  Circles  correspond  to  the  final 
distributions  in  ordering  runs  of  initially  dis- 
ordered samples.  For  the  (Mg,Fe)0.n3Cao.07SiO3 
and  (Mg,Fe)Si03  samples,  these  were  respec- 
tively 600°C  for  7  days  and  550°C  for  7  days. 


quadrilateral,  depending  principally  on 
the  magnitude  of  AGE°  and  the  Wo  con- 
tent. Such  a  grid  as  shown  in  Fig.  54  for 
samples  studied  to  date  would  of  course 
be  amenable  to  experimental  verification. 

Cooling  History  of  Pyroxenes  with 

Compositions  in  the  Pyroxene 

Quadrilateral 

Kinetics  of  the  order-disorder  relation- 
ship are  again  best  understood  for  the 
nearly  Ca-free  orthopyroxene  series 
(Virgo  and  Hafner,  1969;  Hafner  and 
Virgo,  1970).  More  recent  experiments 
on  a  lunar  pigeonite,  12021,150,  make 
possible  some  interpolation  to  composi- 
tions within  the  pyroxene  quadrilateral. 
The  kinetics  of  the  ordering  process  are 
of  particular  interest  in  interpreting  the 
site  populations  of  natural  samples.  Dis- 
ordering in  pyroxenes  and  the  attainment 
of  the  equilibrium  site  occupancy  con- 
sistent with  the  crystallization  tempera- 
ture of  natural  samples  are  rapidly 
achieved,  although  complete  disorder  is 
not  achieved.  The  ordering  process  is 
apparently  more  complicated  and  occurs 
in  two  distinct  rate-determining  steps. 
Short-range  ordering  that  involves  cat- 
ionic  exchange  between  adjacent  sites  or 
over  distances  of  several  lattice  constants 
occurs  rapidly,  and  the  rate  constant  can 
be  determined  from  experimental  systems 
(Virgo  and  Hafner,  1969).  There  is  a 
critical  degree  of  ordering  where  an  ap- 
parent steady  state  process  is  reached 
corresponding  to  a  critical  temperature 
Tc  and  a  critical  equilibrium  constant  kc. 
Below  this  point,  the  rate  constant  for 
ordering  is  extremely  small  and  geological 
times  are  required  for  further  ordering. 
For  Ca-free  orthopyroxenes,  Tc  has  been 
measured  as  approximately  550 °C  (Haf- 
ner and  Virgo,  1970),  whereas  for  the 
lunar  pigeonite  from  basalt  12021,150,  Tc 
was  higher,  approximately  810°C.  Addi- 
tional experiments  are  needed  to  defi- 
nitely establish  the  relationship  between 
Tc  and  kc  and  the  wollastonite  component. 
The  magnitude  of  kc  —  kn  or  Tc  —  Tn 
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can  be  taken  as  a  measure  of  long-range 
order  present  in  the  crystal.  The  rate 
constant  for  the  long-range  ordering  proc- 
ess has  not  been  experimentally  deter- 
mined, and  quantitative  cooling  rates  are 
therefore  not  available.  Finally,  at  a 
temperature,  Tq,  the  exchange  process  has 
ceased  and  further  ordering  does  not  oc- 
cur even  over  geological  times.  In  ortho- 
pyroxenes,  Tq  corresponds  to  ^=*480°C. 
Values  of  Tq  for  clinopyroxenes  have  not 
been  determined. 

The  cooling  history  of  natural  samples 
can  then  be  characterized  by  the  param- 
eters Tn,  kn,  Tq,  kc,  and  Tc.  Some  of  these 
values  for  a  variety  of  naturally  occur- 
ring samples  are  listed  in  Table  19.  Most 
samples  indicate  that  substantial  addi- 
tional ordering  has  occurred  by  means  of 
long-range  ordering  processes  over  an 
exceedingly  long  period  of  time.  This  is 
not  the  case  for  the  orthopyroxene  sam- 
ples from  the  1955  Hawaiian  lava  flow 
that  have  been  rapidly  quenched  above 
the  critical  temperature.  From  experi- 
mental data,  these  samples  could  have 
been  quenched  to  480 °C  on  a  time  scale 
of  a  few  hours.  Of  further  interest  is  the 
comparison  between  the  lunar  pigeonite 
12021, 150-P1  and  12053,79-P2.  These 
samples  indicate  varying  degrees  of  long- 
range  ordering  through  the  temperature 
range  810°-480°C,  although  the  coarser 
grained  basalt  must  have  been  cooled 
more  slowly  through  this  range.  Both 
samples  have  cooled  considerably  rnore 


TABLE  19.    Ordering  Temperatures  of  Lunar 
and  Terrestrial  Pyroxenes,  °C 


Sample                            Tn 

Tc 

Tq 

Granulite  facies 

orthopyroxenes                «480 

550 

«480 

Volcanic  orthopyroxenes 

from  the  1955  lava  flow      710 

550 

«480 

Igneous  orthopyroxenes 

from  the  Stillwater 

complex                            «480 

550 

«480 

Lunar  pigeonite 

12021, 150-P1                        570 

810 

? 

Lunar  pigeonite 

12053,79-P1                         710 

«810 

? 

Clinopyroxene  from  lunar 

basalt  10044                      <560 

? 

? 

slowly  than  the  Hawaiian  samples  and 
could  possibly  represent  different  parts 
of  a  lava  flow  or  lake. 

Ferrous  Iron  in  Lunar  Plagioclases 

Absolute  concentrations  of  iron  in  the 
lunar  plagioclases  have  been  well  docu- 
mented with  the  aid  of  the  electron  micro- 
probe  (Proceedings  of  the  Apollo  11 
Lunar  Science  Conference,  Vol.  1,  1970, 
Pergamon  Press,  New  York;  Proceedings 
of  the  Apollo  12  Lunar  Science  Confer- 
ence, The  MIT  Press,  Cambridge,  in 
press,  1971).  Table  20  includes  the  data 
for  the  samples  considered  in  this  study. 
The  oxidation  state  of  iron  in  these  sam- 
ples is  predominantly  ferrous,  but  the 
precise  location  of  iron  atoms  in  the 
feldspar  structure  is  less  certain.  In  ter- 


TABLE  20.  Isomer  Shifts  and  Nuclear  Quadrupole  Splittings  of  57Fe  in 
Plagioclase  from  Basalts  10044  and  12021 


FeO, 

Tempera- 
ture, 

Isomer  Shift*-t 

Quadrupole 
Splittingt 

C               T 

C              T 

Plagioclase 

wt% 

°K 

mm/sec    mm/sec 

mm/sec    mm/sec 

10044 

0.34-0.40 

298 

1.13           0.90 

2.01            1.54 

77 

1.40           1.10 

2.74           2.12 

12021 

0.52-0.53 

298 

77 

1.13            0.87 

2.03            1.49 

*  Referred  to.  a  metallic  iron  absorber. 
t  Standard  errors  ±0.02  mm /sec. 
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restrial  plagioclases,  iron  is  predomi- 
nantly in  the  trivalent  state  and  is 
expected  to  substitute  for  trivalent  alum- 
inum in  the  tetrahedral  sites.  Well- 
documented  cases  include  the  yellow  fer- 
riferous orthoclase  from  Madagascar 
(Faust,  1936)  and  synthetic  KFeSi308 
( Wones  and  Appleman,  1963) .  More  re- 
cently, the  deviation  from  stoichiometric 
compositions  of  lunar  and  terrestrial 
plagioclases  (Weill  et  al.,  1970;  Lindsley 
and  Smith,  Year  Book  69,  p.  274)  has  been 
partially  explained  by  the  presence  of 
ferrous  iron  in  the  tetrahedral  sites. 

Mossbauer  spectra  of  plagioclase  sepa- 
rates from  the  medium-  and  coarse- 
grained basalts  10044  and  12021,150  con- 
sist of  three  apparent  peaks  (Fig.  55) 
that  can  be  interpreted  in  terms  of  two 
doublets  due  to  Fe2+  at  two  distinct  posi- 
tions. Hyperfine  parameters  of  the  sam- 
ples used  in  this  study  are  listed  in 
Tables  20  and  21  and  are  to  be  compared 
with  values  of  the  two  states  of  iron  in 


4-fold  and  6-fold  coordination  in  Table 
22.  The  isomer  shifts  and  the  tempera- 
ture dependence  of  the  quadrupole  split- 
ting exclude  the  possibility  of  trivalent 
iron.  Doublet  C  is  attributed  to  Fe2+  in 
the  seven-coordinated  Ca  sites,  and  doub- 
let T  can  be  assigned  to  a  site  of  lower 
coordination. 

The  isomer  shift  of  1.40  mm/sec  for 
doublet  C  is  consistent  with  Fe2+  in  6-  to 
8-fold  coordination.  Such  shifts  can  be 
correlated  with  the  degree  of  bond  cova- 
lency.  If  the  shortest  cation-anion  dis- 
tance is  taken  as  a  measure  of  the  latter 
parameter,  it  is  evident  that  the  smaller 
shift,  for  example,  in  the  chain  silicates, 
is  assigned  to  the  more  distorted  M2  site 
in  orthopyroxenes  (1.26-1.28  mm/sec  at 
77 °K)  and  the  M4  site  in  the  cumming- 
tonite-grunerite  series  (1.18-1.24  mm/ 
sec  at  77°K).  These  sites  also  have  the 
shortest  M-0  bonds  (1.997  A  in  ortho- 
ferrosilite  and  1.988  A  in  grunerite) .  The 
comparatively  larger  value  for  Fe2+  in 
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Fig.  55.  Mossbauer  absorption  spectrum  of  57Fe  in  plagioclase  from  basalt  10044  at  298°K.  The 
fit  of  three  Lorentzian  lines  (solid  line  is  the  fit  to  the  data)  is  interpreted  in  terms  of  two  distinct 
Fe2+  doublets  (C,  T)  at  two  nonequivalent  positions. 
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TABLE  21.  Peak  Intensities  and  Widths  in  the  "Fe  Hyperfine  Patterns 
of  Plagioclase  from  Basalts  10044  and  12021 


Relative  Peak  Height* 

Width  (FWHH)*.t 

Tempera- 

ture, 

A 

B 

C 

A 

B               C 

Plagioclase 

°K 

mm/sec 

mm/sec    mm/sec 

10044 

77 

0.54 

0.38 

0.08 

0.60 

0.55           0.33 

298 

0.51 

0.17 

0.31 

0.52 

0.35           0.65 

12021 

77 

... 

. . . 

•  • . 

...             ... 

298 

0.56 

0.09 

0.35 

0.51 

0.36           0.65 

*  A.  Superimposed  low-velocity  peaks — B,  C.   High-velocity  peaks  (C  at 
higher  velocity  than  B).  See  also  Fig.  55. 
t  Standard  errors  ±0.01  mm/sec. 


plagioclase,  where  the  shortest  M-0  bond 
is  2.279  A  (Megaw,  Kempster,  and  Rado- 
slovich,  1962),  suggests  that  the  Fe2+-02~ 
bond  is  considerably  more  ionic  than  the 
corresponding  bonds  in  the  octahedral 
sites  of  chain  silicates.  Alternatively, 
the  shift  of  1.10  mm/sec  at  77°K  for 
doublet  T  is  slightly  larger  than  that  ex- 
pected for  Fe2+  in  the  tetrahedral  sites. 
Data  for  tetrahedrally  coordinated  Fe2+ 
are  scanty,  but  some  values  range  from 
0.8  to  1.2  at  77°K  (Gibb  and  Greenwood, 
1965;  Clark,  Bancroft,  and  Stone,  1967; 
reported  in  Smith,  1968).  However,  the 
shortest  Al-0  distances  in  the  Al  sites  in 
feldspars  (1.69-1.72  A;  Megaw,  Kemp- 
ster, and  Radoslovich,  1962)  are  consid- 
erably smaller  than  in  the  above  examples 


(e.g.,  1.972  A  in  staurolite,  1.97  A  in  gil- 
lespite),  and  Fe2+  has  an  ionic  radius  ap- 
proximately 0.23  A  larger  than  that  of 
trivalent  aluminum.  The  comparatively 
large  isomer  shift  observed  for  doublet  T 
is  therefore  not  expected  in  view  of  the 
covalent  bonding.  Yet  the  relative  differ- 
ence in  shift  between  the  two  doublets 
is  characteristic  of  different  coordination 
polyhedra.  In  view  of  the  similarity  of 
the  different  cation  sites  in  the  feldspar 
structure,  it  is  not  anticipated  that  both 
doublets  correspond  to  two  nonequivalent 
Ca2+  sites. 

The  two  doublets  observed  from  the 
lunar  plagioclase  have  anomalous  thermal 
shifts  (9-12  X  10"4  mm/sec/ °K  over  the 
temperature  range  77°-298°K).    This  is 


TABLE  22.  The  Relation  between  Hyperfine  Parameters  and  Coordination  Number 


v 

Nuclear  Quadrupole 

Site 

Isomer  Shift, 

*  mm /sec 

Splitting, 

mm/sec 

Coordination 

77°K 

298°K 

77°K 

298°K 

Fe2+  with  6-fold  coordination : 

(Mg,Fe)Si03 

Ml 

1.29-1.30 

1.17 

3.11-3.03 

2.48-2.35 

M2 

1.26-1.28 

1.13-1.16 

2.04-2.12 

1.91-2.11 

(Mg,Fe)7SisO,,(OH),> 

M1.M2,M3 

1.28-1.26 

1.16-1.15 

3.10-2.99 

2.81-2.74 

M4 

1.18-1.24 

1.07-1.12 

1.54-1.85 

1.55-1.80 

Fe2+  with  4-fold  coordination : 

BaFeSuOio 

planar 

0.84 

0.76 

0.56 

0.51 

Fe3+  with  6-fold  coordination : 

CaMgo.sFe3+o.2(Fe3+0.2Sh.s)0, 

Ml 

0.51 

0.41 

1.04 

1.00 

Fe3+  with  4-fold  coordination : 

CaMgo.8Fe3+o.2(Fe3+o.2Sii.s)Oo 

tetrahedral 

0.28 

0.18 

1.50 

1.47 

*  Referred  to  a  metallic  iron  absorber  at  298° K. 
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approximately  a  factor  of  2  higher  than 
that  observed  for  Fe2+  in  chain  silicates 
(5-6  X  10"4  mm/sec)  over  the  same  tem- 
perature range  and  implies  anomalously 
high  thermal  contributions.  This  result 
is  not  unexpected  in  the  light  of  the  strong 
anisotropy  in  the  vibrations  of  the  cal- 
cium ions  in  anorthite.  However,  the 
large  thermal  shift  associated  with  doub- 
let T  appears  inconsistent  with  the  as- 
signment of  Fe2+  to  a  tetrahedral  position, 
especially  in  view  of  the  covalent  bonding 
of  this  site,  which  would  tend  to  cause 
a  comparatively  small  thermal  shift. 

Finally,  the  nuclear  quadrupole  split- 
tings of  both  sites  are  consistent  with 
large  external  electric-field  gradients  at 
the  sites,  suggesting  a  high  degree  of  dis- 
tortion of  the  Fe2+  sites.  This  distortion 
is  especially  true  for  the  doublet  C,  which 
compares  favorably  with  the  values  found 
for  the  distorted  M2  and  M4  sites  in 
orthopyroxenes  and  cummingtonites,  re- 
spectively. The  temperature  dependence 
of  the  quadrupole  splittings  (0.27-0.34  X 
10"2  mm/sec/°K)  compares  favorably 
with  the  values  obtained  for  chain  sili- 
cates (Burnham  et  al.,  1971 ;  Hafner  and 
Ghose,  1971)  and  is  inconsistent  with  the 
generally  temperature-independent  values 
for  Fe3+. 

The  relative  proportions  of  Fe2+  in  the 
two  distinct  sites  are  difficult  to  assess  in 
view  of  the  anomalous  temperature  de- 
pendence of  the  peak  heights,  peak 
widths,  and  peak  areas  (Table  21).  These 
anomalies  may  be  attributed  to  paramag- 
netic relaxation  effects  as  well  as  to  dis- 
tinct anisotropy  of  the  recoil-free  frac- 
tions at  the  different  Fe2+  positions.  The 
analysis  of  these  factors  is  further  com- 
plicated by  the  strong  overlap  of  the 
doublets  and  the  small  resonance  effect. 
The  peak  asymmetry  may  also  be  com- 
plicated by  the  presence  of  Fe3+.  Tri- 
valent  iron  was  positively  identified  in 
Apollo  12  plagioclase  separates  by  elec- 
tron paramagnetic  resonance  analysis 
(Kolopus  etal,  1971). 

In  conclusion  then,  whereas  the  assign- 
ment of  doublet  C  to  the  large  Ca2+  sites 


in  plagioclase  can  be  reasonably  made, 
the  designation  of  doublet  T  to  the  tetra- 
hedral Al3+  sites  is  doubtful.  In  view  of 
the  large  isomer  shift  compared  to 
strongly  covalent  bonding  at  the  Al3+ 
sites  and  the  anomalous  thermal  shifts, 
the  above  assignment  does  not  seem 
likely. 

One  suggestion  is  that  Fe2+  occurs  as 
an  impurity  atom  in  an  effectively  tetra- 
hedral environment  coupled  with  oxygen 
vacancies,  lattice  defects,  and  additional 
impurity  atoms.  This  suggestion  is  not 
too  unlikely  in  view  of  the  high  concen- 
tration of  vacancies  observed  in  the  lunar 
plagioclases  (Kolopus  et  al,  1971).  These 
results  allow  for  further  studies.  It  would 
be  worthwhile  to  examine  the  state  and 
location  of  iron  in  terrestrial  plagioclases 
where  the  high-energy  particle  bombard- 
ment would  have  been  minimized  and  to 
consider  the  state  of  iron  in  nonstoichio- 
metric  feldspars.  Both  problems  are  prob- 
ably best  approached  from  experimental 
systems  using  enriched  57Fe. 

Confirmation  of  Fe/Mg  Ordering 
in  Olivines 

L.  W.  Finger  and  D.  Virgo 

Much  recent  work  in  the  field  of  min- 
eralogy has  been  devoted  to  studying  the 
crystal  chemistry  and  detailed  crystal 
structures  of  silicates  with  particular  in- 
terest in  describing  the  cation  ordering.  A 
full  review  of  the  literature  is  beyond  the 
scope  of  this  report;  however,  the  pages  in 
Part  I  of  Mineralogical  Society  of  Amer- 
ica Special  Paper  2  (edited  by  J.  J. 
Papike)  describe  the  techniques  and  re- 
sults of  such  studies  on  the  chain  silicates, 
pyroxenes  and  amphiboles.  Similar  in- 
vestigations of  the  olivine  series  close  in 
composition  to  the  Mg2Si04-Fe2Si04  join 
have  been  carried  out  but  with  contrast- 
ing results.  Birle  et  al.  (1968)  examined 
a  series  of  olivines,  for  the  most  part  from 
coarsely  crystalline  plutonic  rocks,  using 
X-ray  diffraction,  and  found  a  completely 
random  distribution  of  Fe2+,  Mg  over  the 
distinct  crystal  sites  Ml  and  M2.  Burns 
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(1970) ,  from  polarized  absorption  studies 
of  natural  olivines,  found  no  more  than 
51%  of  the  Fe2+  in  any  site.  However, 
some  ordering  of  Fe2+,  Mg  between  the 
two  crystal  sites  has  been  detected  by 
X-ray  diffraction  (Finger,  Year  Book  69, 
pp.  302-305)  and  by  Mossbauer  spec- 
troscopy (Bush,  Hafner,  and  Virgo, 
1970).  Finger  examined  an  olivine  from 
the  fine-grained  Apollo  11  basalt 
10020,41  (Fa  =  27  mole  %)  and  from  a 
volcanic  neck  (Fa  =  51  mole  %)  and 
established  the  sense  of  the  ordering,  viz., 
Ml  is  enriched  in  Fe2+  compared  with 
M2.  Bush,  Hafner,  and  Virgo  (1970) 
examined  a  Mg-rich  (Bl)  and  two  Fe- 
rich  samples.  In  the  more  Mg-rich  sam- 
ple, approximately  10%  more  Fe2+  was 
found  in  one  of  the  crystal  sites,  whereas 
Fe2+  was  randomly  distributed  between 
the  sites  in  the  Fe-rich  sample  (Fa  = 
74  mole  % ) .  In  a  synthetic  f ay alite  equal 
populations  of  Fe2+  in  Ml  and  M2  were 
determined,  indicating  identical  recoil- 
free  fractions  of  57Fe  at  the  Ml  and  M2 
sites.  Equal  site  populations  for  the  M 
sites  in  fayalite  gave  support  to  the 
Mossbauer  data  on  the  Mg-rich  sample, 
in  view  of  the  small  degree  of  enrichment 
and  the  requirement  of  careful  experi- 
mental techniques. 

This  paper  reports  the  confirmatory 
X-ray  results  on  a  separate  sample  of  Bl 
olivine  previously  studied  by  Bush,  Haf- 
ner, and  Virgo  (1970)  and  Mossbauer 
studies  on  an  olivine  from  a  coarsely 
crystalline  Apollo  12  basalt.  The'  degree 
of  order  in  these  two  natural  samples  is 
the  largest  reported  to  date  in  the  Mg,Fe 
olivines.  Sample  Bl  was  kindly  provided 
by  Dr.  T.  Simkin,  Smithsonian  Institu- 
tion, Washington,  D.C.  The  olivine  in 
12018,35  occurs  as  large  subhedral  to 
anhedral  crystals  that  are  commonly 
completely  enclosed  in  pigeonite  grains 
and  often  show  resorption  effects.  Most 
grains  show  a  thin  reaction  rim  of  more 
Fe-rich  composition,  but  this  was  pre- 
sumably preferentially  removed  during 
the  rock-crushing  and  heavy  liquid  sepa- 
ration. 


Experimental  Procedure 

The  program  LCLSQ  of  Burnham 
(Year  Book  61,  pp.  132-135)  was  used  to 
refine  the  unit  cell  of  Bl  from  back- 
reflection  Weissenberg  photographs  taken 
at  24  °C  with  correction  terms  included 
for  systematic  errors.  The  resulting  cell 
parameters  are  shown  in  Table  23.  The 
errors  shown  are  the  estimated  standard 
deviations  from  the  program  and  repre- 
sent precision  only.  The  single-crystal 
intensities  were  measured  on  the  Supper- 
Pace  automated,  equi-inclination  diffrac- 
tometer  operated  in  the  step-scan  mode 
with  the  scan  angle  computed  according 
to  Finger  and  Burnham  (1968).  The 
resulting  data  were  corrected  for  dead- 
time  (t  =  5  fxsec) ,  and  the  integrated 
intensities  were  calculated.  The  crystal 
used  for  intensity  collection  was  then 
mounted  in  epoxy,  polished,  and  analyzed 
in  an  electron  microprobe;  the  resulting 
composition  is  shown  in  Table  23.  The 
intensities  were  corrected  for  absorption 
0*i  =  29.6  cm"1),  with  program  GNABS 
of  Burnham  (1966),  yielding  963  unique 
structure  amplitudes;  of  these,  788  had 
intensities  greater  than  twice  the  stand- 


TABLE  23.   Crystal  Data  and  Chemical 
Analysis  for  Olivine  Bl 


Crystal  Data  at  24 

aC 

a,  A 

4.7687(2)* 

b,  A 

10.2554(2) 

C,  A 

6.0051(1) 

V,A3 

293.68(2) 

Z 

4 

Space  group 

Pbnm 

Chemical  Analysis 

Wt% 

Cations /4  oxygen 

Si02 

39.8 

1.00 

FeO 

15.7 

0.33 

MgO 

44.1 

1.65 

CaO 

0.27 

0.007 

MnO 

0.20 

0.004 

NiO 

0.20 

0.004 

Total 

100.3 

*The  standard  deviation  of  the  final  digit  is 
in  parentheses. 
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ard  deviation  of  the  intensity  and  were 
subsequently  included  in  the  least- 
squares  equations. 

We  began  the  least-squares  refinement 
using  statistical  weights,  scattering  fac- 
tors for  neutral  atoms  from  Cromer  and 
Mann  (1968),  anomalous  dispersion  co- 
efficients from  Cromer  and  Liberman 
(1970) ,  and  the  parameters  of  the  olivine 
from  lunar  rock  10020  (Year  Book  69, 
p.  304).  The  initial  cation  occupancies 
were  considered  as  follows:  (1)  Ca  was 
placed  in  M2  by  analogy  with  CaMnSi04 
(Caron,  Santoro,  and  Newnham,  1965) 
and  CaMgSi04  (Onken,  1965) ;  (2)  be- 
cause of  their  similar  scattering  powers 
Mn,  Ni,  and  Fe  were  added  together  and 
labeled  Fe';  and  (3)  the  initial  Fe'/Mg 
ratios  of  the  two  cation  sites  were  as- 
sumed to  be  equal.  After  refining  the 
positional  parameters,  the  isotropic  ex- 
tinction factor  (Zachariasen,  1968),  and 
the  isotropic  temperature  factors,  we  re- 
fined the  cation  occupancies  using  pro- 
gram RFINE  with  the  chemical  composi- 
tion constrained  {Year  Book  67,  pp.  216- 
217) .  The  refinement  was  then  continued 
to  convergence  with  anisotropic  thermal 
parameters.  The  final  values  for  the 
atomic  positions  and  the  equivalent  iso- 
tropic temperature  factor  of  Hamilton 
(1959)  are  given  in  Table  24,  and  the 
extinction  parameter,  the  residuals,  and 
the  site  occupancies  are  given  in  Table 
25.  Mossbauer  experiments  were  carried 
out  as  reported  by  Bush,  Hafner,  and 
Virgo  (1970).  In  the  light  of  the  X-ray 
data,  it  is  now  possible  to  assign  the 

TABLE  24.  Final  Value  of  Atomic  Parameters 
for  Olivine  Bl 


TABLE  25.   Residuals  and  Occupancy  Factors 
for  Olivine  Bl 

Extinction  coefficient,  cm     (5.2  ±  0.2)  X  10-5 


R*\Fo\  ^Fmin 
Weighted  i^,t  |  Fo  |  ^  Fmln 
R,  all  data 

Weighted  R,  all  data 
Occupancy  of  Ml 

Occupancy  of  M2 


KD 


0.038 

0.039 

0.049 

0.039 

0.807  ±  0.004  Mg 

0.192  ±  0.004  Fe'* 

0.846  ±  0.004  Mg 

0.147  ±  0.004  Fe' 

0.007  Ca 

1.37  ±0.04 


Atom 

X 

V 

z 

Beq 

Ml 

0 

0 

0 

0.56(2) 

M2 

0.9886(2)* 

0.2779(1) 

y4 

0.47(2) 

Si 

0.4270(2) 

0.0946(1) 

K 

0.46(2) 

01 

0.7653(5) 

0.0916(3) 

V4 

0.56(4) 

02 

0.2200(6) 

0.4486(3) 

y4 

0.56(4) 

03 

0.2800(4) 

0.1634(2) 

0.0341(3) 

0.59(3) 

*  The  standard  deviation  of  the  final  digit  is 
in  parentheses. 


*R  =  2\\F0\  -\Fe\\/2\Fo\. 

t  Weighted^  =  [Zw(|F0|  -  |Fc|)2/SwF02]%. 

t  Fe'  =  Fe  +  Mn  +  Ni. 

doublets  of  the  Mossbauer  spectrum  to 
the  crystal  sites  Ml  and  M2.  The  inner, 
more  intense  doublet  (Bush,  Hafner  and 
Virgo,  1970,  Fig.  1,  Tables  1  and  2;  this 
report,  Table  26,  A-B2)  is  assigned  to  the 
crystal  site  M 1 .  However,  previous  studies 
on  orthopyroxenes  and  the  cummingtonite- 
grunerite  series  (Virgo  and  Hafner,  1969, 
1970;  Hafner  and  Ghose,  1971)  have  cor- 
related the  inner  doublet  with  the  small- 
er quadrupole  splitting  (distance  be- 
tween the  peaks  of  an  electric  quadrupole 
doublet)  with  the  more  distorted  cation 
site,  as  measured  by  bond-length  varia- 
tions. If  similar  considerations  are  ap- 
plied to  the  olivines  (c/.  Bush,  Hafner, 
and  Virgo,  1970,  Table  1),  it  might  be 
expected  that  the  M2  site  would  have  a 
smaller  quadrupole  splitting  on  the  basis 
of  the  larger  variations  in  the  individual 
M-0  distances  (Finger,  Year  Book  69, 
pp.  302-305).  Nevertheless,  quadrupole 
splittings  are  strongly  temperature  de- 
pendent (Shenoy,  Kalvius,  and  Hafner, 
1969),  and  this  temperature  dependence 
may  explain  the  present  anomaly,  since 
the  olivine  spectra  were  recorded  at  tem- 
peratures in  the  range  200°-500°C, 
whereas  the  spectra  of  chain  silicates 
were  measured  below  room  temperature. 
Alternatively,  the  distortion  index  used 
in  the  above  studies  may  not  be  a  sys- 
tematic measure  in  olivines  where  the 
differences  between  the  Ml  and  M2 
sites  are  very  small    (Robinson,  Gibbs, 
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TABLE  26.  Experimental  Data  on  Apollo  12  Olivine,  12018,35-01,  from57Fe  Mossbauer  Analyses 


Composition, 
mole  %  Fa 

Absorber 

Temperature, 

°C 

Line  Width*  (FWHH), 
mm/sec 

Fraction 
of  Fe2+     - 
in  Ml 

Fe2+  Site  Occupancy 
Number 

A 

B2 

B! 

Ml                   M2 

36 
36 
36 

273 
315 
350 

0.300 
0.305 
0.306 

0.312 
0.297 
0.285 

0.241 
0.222 
0.207 

0.578               0.416                0.304 

0.584               0.420                0.300 

0.606               0.436                0.284 

Average  KD^  =  1.75 

♦Determined  from  three  line  fits  (ten  variables).  A  and  B  refer  to  the  low  and  high  velocity 
peaks,  respectively.  (Bi  is  at  higher  velocity  than  B2.)  The  subscripts  1  and  2  refer  to  the  crystal 
sites  M2  and  Ml,  respectively  (see  text). 

1KD  was  calculated  from  the  ratio,  KD  =  (X%tg)(X%e)/(XM1Mg)(XM1Fe). 


and  Ribbe,  1971;  Brown  and  Gibbs, 
1971).  The  partial  chemical  com- 
position, area  ratios,  and  site  occu- 
pancies for  the  natural  lunar  sample  are 
given  in  Table  26.  The  site  occupancies 
were  calculated  from  the  product  of  the 
area  ratios  and  2Fe2+/(Fe2+  +  Mg) 
(Virgo  and  Hafner,  1969).  In  these  cal- 
culations, the  recoil-free  fraction  /mi//m2 
was  assumed  to  be  unity,  as  also  sug- 
gested from  the  X-ray  and  Mossbauer 
results  on  sample  Bl.  On  the  basis  of  the 
X-ray  occupancies  in  Table  25,  the  frac- 
tion of  the  total  Fe2+  in  M2  is  0.43  ±  0.02. 
The  corresponding  area  ratio  from  Moss- 
bauer studies  is  in  the  range  0.44  to  0.46 
(Bush,  Hafner,  and  Virgo,  1970),  sug- 
gesting that  the  recoil-free  fraction 
/mi//m2  is  essentially  unity.  Similar  re- 
sults were  also  reported  for  synthetic 
fayalite  (Bush,  Hafner,  and  Virgo,  1970) , 
and  it  appears  likely  that  the  ratio  may 
be  independent  of  the  Fe/(Fe  +  Mg) 
ratio  across  the  Mg2Si04-Fe2Si04  join. 

Order- Disorder  Relationship  in 
Fe2+,Mg  Olivines 

The   Fe2+,Mg  disordering   reaction   in 
olivines  can  be  represented  by 

Fe(Ml)  +Mg(M2)  *± 
Fe(M2)  +Mg(Ml), 

which  is  written  for  one  atom  of  Fe  in  Ml 
interchanging  with  one  atom  of  Mg  in 
Ml.  At  equilibrium,  the  site  occupancies 


can  be  related  to  the  distribution  coeffi- 
cient KD  by 


Kj)  =  (a      Mg 

(XMJ 


)  (XM1Fe 


Mg 


)/ 
)(XM1 


Fe 


with  XM2Mg  denoting  the  Mg/(Mg  +  Fe) 
ratio  for  site  M2. 

KD  is  a  useful  measure  of  the  degree  of 
order  because  it  is  essentially  independ- 
ent of  the  bulk  composition :  KD  will  be- 
come greater  than  unity  for  ordering  of 
Fe2+  on  Ml.  The  results  given  in  Tables 
25  and  26  indicate  values  of  1.37  and  1.75 
for  samples  Bl  and  12018,35-01,  respec- 
tively, corresponding  to  10  and  20%  more 
Fe2+  in  Ml. 

Heating  experiments  on  Bl  and  12018, 
35-01  (Virgo,  Hafner,  and  Warburton, 
1971)  show  that  more  disordered  distri- 
butions of  Fe2+,Mg  are  obtained  at  tem- 
peratures above  1055°-1155°C.  The 
crystallization  temperatures  of  olivine  in 
synthetic  and  lunar  rock  samples  of 
Apollo  12  (e.g.,  Anderson,  Newton,  and 
Smith,  1971)  suggest  that  completely  dis- 
ordered olivine  may  occur  at  tempera- 
tures above  1300 °C.  These  few  experi- 
mental results  indicate  that  the  order- 
disorder  process  occurs  at  significantly 
higher  temperatures  in  olivines  than  in 
the  chain  silicates  (Virgo  and  Hafner, 
1969;  Ghose,  Weidner,  and  Carman, 
1970). 

Although  it  is  not  possible  to  be  certain 
of  the  relative  cooling  history  of  any  of 
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the  natural  olivines  described  above,  their 
structural  states  suggest  that  factors 
other  than  cooling  history  may  strongly 
influence  the  cation  ordering.  For  ex- 
ample, the  ordered  sample  Bl  is  from 
a  rapidly  cooled  surface  of  a  sill  and 
presumably  represents  a  high  tempera- 
ture of  equilibrium,  whereas  the  iron- 
rich  sample  A  (Bush,  Hafner,  and  Virgo, 
1970)  is  from  a  metamorphic  skarn  and 
should  represent  a  lower  temperature  of 
equilibrium.  Insufficient  experimental 
data,  including  the  effect  of  bulk  com- 
position on  order-disorder,  are  available 
to  interpret  these  results.  Other  import- 
ant factors  are  the  extremely  sluggish 
exchange  rates  determined  from  heating 
experiments  and  the  rapid  growth  rate 
of  synthetic  olivines,  which  together  may 
result  in  natural  samples  not  reaching 
internal  equilibrium.  It  can  also  be  sug- 
gested that  structural  changes  at  high 
temperature  or  pressure  may  influence  the 
degree    of   ordering.     Experiments   with 


enriched  57Fe  olivines  are  under  way  to 
examine  these  possibilities. 

Madelung  Constants  for  Several 
Silicates 

Michael  Raymond 

The  cohesive  energy  of  an  ionic  solid 
is  the  sum  of  the  lattice  energy,  which  is 
the  internal  energy  of  the  solid  with  the 
ions  at  rest  in  the  lattice  sites,  and  the 
internal  energy  of  the  lattice  vibrations. 
In  the  classical  model  for  calculating  the 
cohesive  energy  of  essentially  ionic  crys- 
tals, it  is  assumed  that  each  ion  has  a 
closed-shell  configuration.  In  this  as- 
sumption, the  quantum-mechanical 
kinetic,  exchange,  and  correlation  ener- 
gies are  discarded  and  the  total  cohesive 
energy  is  calculated  by  using  classical 
electrostatics  and  a  phenomenological 
core-core  repulsive  interaction  (Tosi, 
1964) . 


TABLE  27.   Madelung  Constants  of  Selected  Silicates 


Structure 

Madelung 

#,A* 

Reference 

Orthosilicates 
Forsterite 
Hyalosiderite 
Hortonolite 
Fayalite 

(Mg0.9o,Fe0.io)2Si04 

(Mg0.535,Fe0.4S6,Mno.006,Cao.002)2Si04 

( Mg0.49,Feo.49,Mno.tti,Cao.oi)  2Si04 

( Fe0.92,Mgo.o4,Mn0.o4)  2S1O4 

28.3675 
28.3904 
28.2360 

28.2257 

1.634 
1.639 
1.634 
1.638 

1 
1 
1 
1 

Chain  silicates 
Orthoferrosilite 
Clinoferrosilite 
Orthopyroxene  (XFZ)t 
Diopside 
Grunerite 

Fe2Si206 
Fe2Si206 

Fei.7oMgo.2eCao.04SiaOe 

CaMgSbOe 
Fe6.2Mgo.8Si8022(OH)i.BFo.B 

45.9620 
46.0346 
46.0820 
45.7605 
177.1496 

1.619 
1.629 
1.632 
1.634 
1.6245 

2 
2 
3 

4 
5 

Framework  silicates 
Albite 
Microcline 

NaAlSi308 
KAlSiaOs 

65.5847 
65.5658 

1.6123 
1.6137 

6 

7 

*  Average  Si-0  distance. 

t  This  is  the  XYZ  sample  of  Ramberg  and  DeVore  (1951), 
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At  moderate  pressure  where  the  pres- 
sure-volume product  is  negligible  with  re- 
spect to  the  cohesive  energy  (<,5  kb), 
the  cohesive  energy  of  the  solid  can  be 
equated  to  the  enthalpy  of  formation  of 
the  solid  from  the  free  ions  at  absolute 
zero  temperature.  An  experimental  value 
fpr  the  cohesive  energy  can  be  obtained 
by  means  of  the  thermochemical  Born- 
Haber  cycle.  A  comparison  of  the  theo- 
retical and  experimental  cohesive  ener- 
gies provides,  in  principle,  a  method  to 
assess  the  importance  of  covalent  bond- 
ing in  an  ionic  compound.  Similarly,  co- 
hesive energy  calculations  could  be  used 
to  predict  the  relative  stability  of  alter- 
nate lattice  structures. 


The  major  contribution  to  the  lattice 
energy  of  an  ionic  crystal  is  provided  by 
the  Coulomb  interactions  of  the  ionic 
charges.  These  interactions  give  rise  to  a 
net  binding,  the  Madelung  energy  (see, 
e.g.,  Tosi,  1964).  The  Madelung  energy 
is  quite  close  to  the  observed  cohesive 
energy  in  typical  ionic  crystals.  As  a 
first  step  in  the  calculations  of  cohesive 
energies  of  silicates,  their  Madelung  con- 
stants were  calculated.  The  calculations 
were  made  with  the  Univac  1108  com- 
puter according  to  the  method  of  Ewald. 
The  method  is  explained  in  Kittel  (1956, 
pp.  571-575) .  Details  of  the  summation 
method  are  described  by  Hafner  and 
Raymond  (1968), 


TABLE  28.    Electrostatic  Potentials  of  Selected  Silicates, 

,  in  esu 

i 

Forsterite 

Hortonolite 

Hyalosiderite 

Fayalite 

Ml 

—i 

107785 

-0.07670 

-0.07665 

-0.07538 

M2 

—l 

3.08365 

-0.08306 

-0.08308 

-0.08209 

Si 

—i 

0.15645 

-0.15640 

-0.15699 

-0.15708 

01 

< 

3.09228 

0.09157 

0.09191 

0.09148 

02 

1 

3.09163 

0.09091 

0.09141 

0.09065 

03 

I 

3.08776 

0.08747 

0.08746 

0.08695 

Orthoferrosilite 

Clinoferrosilite 

Orthopyroxene  XYZ 

Ml 

-0.08531 

-0.08645 

-0.08736 

M2 

-0.07818 

-0.07901 

-0.07910 

SiA 

-0.16160 

-0.16022 

-0.16040 

SiB 

-0.15941 

0.15793 

-0.15717 

01A 

0.08845 

0.08759 

0.08657 

02A 

0.08688 

0.08671 

0.08687 

03A 

0.10293  , 

0.10332 

0.10291 

01B 

0.08806 

0.08733 

0.08749 

02B 

0.08871 

0.08717 

0.08786 

03B 

0.10296 

0.10341 

0.10292 

Grunerite 

Diopside 

Albite 

: 

Microcline 

Ml 

-0.07408 

Ml 

-0.09288 

Na 

-0.04661 

K 

-0.03963 

M2 

-0.08412 

M2 

-0.06924 

Al-Tx(O) 

-0.12236 

Al-Ti(O)         -0.12514 

M3 

-0.07291 

Si 

-0.15895 

Si-Ti(M) 

-0.15969 

Si-Ta(M)        -0.15795 

M4 

-0.07727 

01 

0.08509 

Si-T.(O) 

-0.15817 

Si-Ta(O)         -0.15652 

Sil 

-0.15922 

02 

0.08598 

Si-T.(M) 

-0.15937 

Si-Ti(M)        -0.16046 

Si2 

-0.16084 

03 

0.10253 

OA1 

0.09065 

OA1 

0.09115 

01 

0.09310 

OA2 

0.10018 

OA2 

0.10150 

02 

0.09010 

OBO 

0.09499 

OBO 

0.09643 

03-OH 

0.04128 

OBM 

[ 

0.10624 

OBM 

0.10719 

04 

0.08818 

OCO 

0.09464 

OCO 

0.09187 

05 

0.10078 

OCM 

[ 

0.10329 

OCM 

0.10444 

06 

0.10090 

ODO 

0.09507 

ODO 

0.09459 

07 

0.09990 

ODM 

0.10738 

ODM 

0.10693 
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The  calculated  Madelung  constants  are 
given  in  Table  27.  The  lattice  energy  of 
the  crystal  in  equilibrium  under  negligi- 
ble pressure  may  be  calculated  from  the 
following  equations: 


EL  — 


R/p 


OLMV 


R 


(-£) 


9VR 


OCM 


e2K 


+  2 


In  these  equations,  e  is  the  electronic 
charge,  aM  is  the  Madelung  constant,  jB 
is  the  interionic  distance  (given  in  Table 
27),  V  is  the  molecular  volume,  and  K  is 
the  compressibility.  When  room-temper- 
ature values  of  K  are  used,  the  calculated 
lattice  energy  of  forsterite  is  — 4349  kcal/ 
mole.  The  experimental  value  of  the 
enthalpy  of  formation  from  the  elements 
is  —520  kcal/mole  (Robie  and  Wald- 
baum,  1968).  The  energy  required  to 
ionize  Mg  and  Si  to  Mg2+  and  Si4+  is 
—3407  kcal/mole.  The  electron  affinity 
of  oxygen  is  not  well  known  but  is  about 
160  ±  15  kcal/mole  (Huggins  and  Saka- 
moto, 1957).  The  experimental  lattice 
cohesive  energy  is  therefore  —4568  kcal/ 
mole.  The  agreement  is  good  enough  to 
warrant  further  calculations  with  a  more 
refined  model  of  the  repulsive  energy. 

The  Madelung  potentials  at  the  indi- 
vidual sites  are  listed  in  Table  28.  These 
are  of  use  in  calculating  chemical  effects 
on  binding  energies  of  core  electrons  in 
crystals  (Fadley  et  al,  1968) . 

Electric-Field-Gradient  Calculations 
in  Spodumene  (LiAlSi206) 

Michael  Raymond 

The  electric-field-gradient  (EFG)  ten- 
sors at  the  lithium  and  aluminum  sites  of 
spodumene  (LiAlSi206)  have  been  cal- 
culated as  part  of  an  effort  to  understand 
the  chemical  bonding  in  ionic  crystals  in 
general  and  silicates  in  particular.  An 
ionic  model  of  the  charge  distribution  has 
been  used  in  previous  calculations  of  the 
electric    field   gradients   in   the   Al2Si05 


polymorphs  kyanite,  andalusite,  and  sil- 
limanite  (Raymond,  1971)  and  in  the 
feldspars  albite  and  microcline  (Ray- 
mond and  Hafner,  to  be  published) .  In- 
formation on  the  amount  of  covalent 
character  in  the  bonding  of  the  crystals, 
and  on  the  oxygen  ion  polarizabilities  in 
these  crystals,  was  obtained.  The  spo- 
dumene study  was  undertaken  in  order 
to  derive  similar  information  about  this 
crystal.  An  ionic  model  of  the  spodumene 
crystal  was  used,  with  the  oxygen  ion 
polarizabilities  considered  as  variable 
parameters  to  fit  the  measured  nuclear 
quadrupole  resonance  (NQR)  data.  The 
method  of  calculation  was  essentially  the 
same  as  that  by  Raymond  (1971)  on  the 
Al2Si05  polymorphs.  In  this  method  the 
charge  distribution  in  the  crystal  is  rep- 
resented by  point  charges  (monopole 
moments  only)  at  the  lithium,  silicon, 
and  aluminum  sites;  and  monopole,  di- 
pole,  and  quadrupole  moments,  at  the 
more  deformable  oxygen  sites.  Given  the 
crystal  structure  and  polarizabilities  of 
the  ions,  the  potential  distribution  can  be 
calculated  by  summation  over  the  lattice. 

The  structural  parameters  used  in  this 
calculation  were  taken  from  a  refinement 
of  the  spodumene  structure  by  Clark,  Ap- 
pleman,  and  Papike  (1969).  Both  the 
lithium  and  aluminum  atoms  are  on  2- 
fold  rotation  axes  parallel  to  the  b  axis 
of  the  crystal.  This  symmetry  reduces 
the  nonzero  components  of  the  electric- 
field-gradient  tensor  from  five  to  three. 
Since  there  is  only  one  each  nonequiva- 
lent  aluminum  and  lithium  position,  there 
are  six  independent  parameters  of  the 
charge  distribution  that  can  be  measured 
by  NQR.  These  measurements  were 
performed  by  Volkoff,  Petch,  and  Smellie 
(1952)  and  Petch,  Cranna,  and  Volkoff 
(1953).  A  rectangular  coordinate  system 
was  introduced  into  the  monoclinic  unit 
cell  of  spodumene.  The  transformation 
matrix  is  shown  in  Table  29. 

The  EFG  components  at  the  lattice 
sites  of  spodumene  were  calculated  self- 
consistently,  taking  into  account  the  di-. 
pole    and    quadrupole   moments    of   the 
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TABLE  29.  Transformation  Matrix  from  Crys- 

tallographic  (a,  b,  c)  to  Orthogonal  (x,  y,  z) 

Axes  for  Spodumene 


a 

b 

c 

X 

8.8735 

0 

0 

V 

0 

8.386 

0 

z 

-32472 

0 

5.215 

oxygen  ions.  Because  the  fields  and  field 
gradients  must  be  calculated  in  order  to 
complete  the  dipole  and  quadrupole 
moments,  and  these  moments  themselves 
contribute  to  the  fields  and  field  gradients, 
it  is  necessary  to  solve  a  set  of  simultane- 
ous equations  for  the  fields  and  field 
gradients.  For  a  more  complete  exposi- 
tion of  the  method  of  calculation  see  Ray- 
mond (1971). 

The  dipole  and  quadrupole  polarizabil- 
ities,  and  the  Li+  and  Al3+  Sternheimer 
(yx)  factors  (Sternheimer,  1951;  Foley, 
Sternheimer,  and  Tycko,  1954;  Stern- 
heimer and  Foley,  1956)  were  used  as 
parameters  to  fit  the  NQR  data.  The 
Sternheimer  factor  is  a  numerical  factor 
relating  the  calculated  external  field 
gradient  to  the  measured  electric  field 
gradient  at  the  nuclear  site: 


F..nuc 


(l-y^Vij 


ext 


(i) 


These  quantities  enter  as  variable  pa- 
rameters because  they  are  not  well 
known.  The  agreement  between  the  cal- 
culated and  measured  values  of  the  EFG 
tensor  is  judged  by  a  disagreement  index 
R,  where 


R  =  %\ 


V   obs 


vtr*\/i\v« 


obs! 


The  sum  is  over  the  field-gradient  com- 
ponents at  the  aluminum  and  lithium 
sites.  It  was  found  that  the  smallest  R 
index,  11%,  was  obtained  with  aD  =  0.25 
A3,  aQ  =  0.05  A5,  y„  (Al3+)  —  -3.2,  y. 
(Li+)  =  +0.7.  These  parameters  were 
used  to  obtain  the  observed  and  calcu- 
lated tensors  given  in  Table  30.  The  fit 
becomes  worse  rapidly  if  the  parameters 
are  varied  in  either  direction.  This  result  is 
in  marked  contrast  to  the  findings  for  the 
aluminum  silicates,  where  the  parameters 
could  be  varied  considerably  with  little 
effect  on  the  fit  (Raymond,  1971).  The 
polarizabilities  found  here  are  also  much 
lower  than  in  the  aluminum  silicates, 
where  the  best  fit  (R  =  19%)  was  with 
aD  —  0.5  A3,  aQ  =  0.1  A5,  yx  =  —4.9. 
For  octahedral  aluminum  in  Al2Si05,  the 
best  fit  (R  =  17%)  was  with  parameters 
aD  =  0.9  A3,  aQ  —  0.1  A3,  yx  =  -3.2. 
The  Sternheimer  factor  is  the  same,  but 
the  polarizability  in  spodumene  is  much 
smaller.  If  these  large  polarizabilities  are 
employed  for  the  spodumene  fit,  the  R  is 
80%.  Because  R  is  roughly  correlated 
with  the  percentage  of  ionicity,  an  R  in 
the  range  of  10—30%  was  expected. 

Because  the  aluminum-silicates  polar- 
izabilities are  derived  from  a  fit  of  six 
octahedral  sites  with  twenty-eight  inde- 
pendent field-gradient  components,  they 
should  give  a  better  indication  of  the  true 
values  of  the  parameters  than  the  spo- 
dumene. The  dipole  polarizability  is  in 
reasonable  agreement  with  index-of- 
refraction  predictions  from  the  Clausius- 
Mossotti  equation  (see  Lorentz,  1909,  pp. 
137-150) .    For  spodumene  and  all  three 


TABLE  30.   Calculated  and  Observed  Electric-Field  Gradients  (Nondiagonalized) 
at  Lithium  and  Aluminum  Sites  of  Spodumene,  in  units  of  1014  esu 


V  XX 

r  xy 

vxz 

V  yy 

V*. 

F„ 

R 

. .           Calc. 
A1          Obs. 

T .           Calc. 
Ll          Obs. 

+0.792 
+0.975 

+0.140 
+0.126 

0 
0 

0 
0 

+2.480 

+2.484 

-0.078 
-0.137 

+0.158 
+0.080 

—0.232 
-0.222 

0 
0 

0 
0 

-0.950 
-1.055 

0.092 
0.096 

8% 
15% 

aD(02")  = 

0.25  A3,  aQ(02-) 

=  0.05  AB 

,  700(A18+)  = 

-3-2,  7* 

(Li 

+)  = 

+0.7. 

VtiX  (1-7 J. 
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polymorphs  of  Al2Si05,  the  aD{02~)  de-  silicates.   No  definite  conclusions  can  be 

rived  in  this  manner  is  > — 1.4  A3.  drawn  until  other  crystals  similar  to  spo- 

It  is  likely  then  that  the  high  disagree-  dumene,  such  as  jadeite  or  johannsenite, 

ment  index  will  have  to  be  accepted.  This  are  studied.  Studies  of  other  crystals  are 

result   could  mean  that  there   is   more  also  needed  to  help  explain  why  there  is 

covalent  bonding  in  spodumene  than  at  agreement    with    small    polarizabilities 

the   octahedral    sites   in   the   aluminum  rather  than  no  agreement  at  all. 

HYDROUS    SYSTEMS  AT    HIGH    PRESSURES 

Generation  of  Magma  Along  Faults  possible  role  of  these  zones  in  the  genera- 

and  Stress  Dislocations  in  the  tion  of  magma. 


Earth 
H.  K.  Mao  and  P.  M.  Bell 


The  Nature  of  Deep  Fractures  and  Faults 


Of  vital  concern  in  this  problem  are  the 
Processes  by  which  molten  rock  is  gen-  physical  constraints  that  can  be  placed 
erated  at  depth  within  the  earth,  later  to  on  properties  of  the  earth's  mantle  and 
be  intruded  or  to  issue  forth  at  the  sur-  crust.  Average  values  of  heat  flow,  seis- 
face,  are  as  yet  incompletely  understood,  mic  properties,  and  strengths  of  rocks 
Many  cubic  miles  of  remarkably  uniform  measured  over  long  periods  are  perhaps 
basalt  can  be  produced  continuously  or  irrelevant  because  the  processes  causing 
intermittently  from  single  sources.  In  lava  production  are  apparently  not  con- 
contrast,  multiple  lavas,  highly  incom-  tinuous  and,  in  fact,  appear  to  be  far 
pati'ble  in  composition,  are  known  to  more  intermittent  than  processes  causing 
have  shared  a  simple  conduit  contempo-  seismic  activity.  It  would  seem  that  spe- 
raneously  or  in  alternating  sequence  cial  circumstances  are  required  to  pro- 
(Yoder,  Year  Book  69,  pp.  141-145) .  duce  molten  rock. 

Early  seismological  models  of  the  Orowan  (1960)  took  a  different  ap- 
earth's  crust  and  mantle  were  based  on  proach  to  the  problem  than  the  present 
the  assumption  that  these  layers  were  one.  He  considered  the  production  of 
entirely  solid  and  excluded  possible  ex-  magma  as  a  direct  consequence  of  "fric- 
istence  of  liquid.  Anderson  et  al.  (1964,  tional  heating"  along  an  actual  or  in- 
1965)  discovered  an  accurate  technique  cipient  dislocation.  This  approach  results 
to  calculate  the  anelastic  property  (Q)  in  serious  difficulties  at  high  pressure.  For 
from  surf  ace  wave  data  (although  Guten-  example,  Griggs  and  Handin  (1960)  in  a 
berg  and  Richter,  1935,  had  done  so  with  similar  treatment  noted  that  the  con- 
less  accuracy  many  years  before  by  eval-  cepts  of  friction  as  conventionally  defined 
uation  of  amplitudes  of  body  waves).  It  cannot  be  applied  to  these  processes.  In 
was  soon  concluded,  but  without  exten-  the  present  approach  no  attempt  is  made 
sive  experimental  documentation,  that  to  explain  deep  faulting  and  seismicity 
"partial  melt  zones"  could  support  the  by  melting  but  rather  to  examine  the 
transmission  of  shear  waves  and  could  consequences  of  melting  in  a  system  con- 
be  identified  by  characteristic  attenua-  taining  shear  zones,  in  which  stress  dis- 
tions  of  surface  waves  that  penetrate  the  continuities  and  finite  total  shears  play  a 
mantle.  With  the  knowledge  that  earth-  role. 

quakes  have  originated  at  depths  of  up  The  times  required  for  decoupling  of 

to  700  km  and  that  lavas  have  risen  from  multishear  surfaces  undergoing  constant 

depths  of  at  least  400  km  along  decoupled  readjustment — whether   by    the   mecha- 

shear  zones  associated  with  seismic  ac-  nisms  of  "stick  slip,"  Coulomb  fracture, 

tivity,  it  becomes  relevant  to  consider  the  or  creep — can  be  thought  of  as  long  rela- 
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tive  to  the  periods  of  seismic  waves  or 
short  relative  to  times  required  for  de- 
formation of  a  crustal  plate.  The 
strengths  of  rocks  would  not  support 
stress  differences  of  the  order  of  400  kb 
(calculated  by  Orowan,  1960,  to  demon- 
strate the  flaws  of  classical  theory) ,  nor 
would  they  be  as  low  as  1  to  10  bars,  a 
figure  calculated  for  horizontal  shears  at 
the  surface  of  the  earth's  crust  (Chinnery, 
1964).  Wyss  (1970)  has  shown  that  dur- 
ing earthquakes  in  South  America  total 
shear  stress  reaches  a  maximum  of  3  kb 
at  100  km,  falling  off  to  0.2  kb  toward  the 
surface,  and  to  0.4  kb  at  600  km.  In  a 
Griffith  fracture  of  aspect  ratio  high 
enough  to  exclude  the  Rubey-Hubbert 
effect  (Rubey  and  Hubbert,  1959),  mo- 
mentary releases  of  stress  can  easily  pro- 
duce changes  on  the  order  of  0.5  to  1.5  kb. 
Once    formed    under    such    conditions, 


liquids  should  be  squeezed  to  the  surface ; 
if  they  were  not  removed  or  resolidified, 
they  would  cause  a  lowering  of  friction 
and  would  decrease  the  strength  of  the 
rock. 

The  Effect  of  a  Stress  Difference  on  the 
Thermodynamics  of  Melting 

The  influence  of  nonhydrostatic  stress 
on  thermodynamic  equilibrium  has  been 
examined  by  Kamb  (1961)  and  McLellan 
(1966)  for  systems  with  localized  inter- 
faces. Ida  (1969)  combined  these  treat- 
ments and  concluded,  in  general,  that 
phase  stability  cannot  be  predicted  from 
Gibbsian  thermodynamics  if  the  bulk 
system  is  under  finite  strain. 

In  the  present  treatment,*  the  gross 

*  See  Table  31  for  definition  of  symbols. 


TABLE  31.  Definition  of  Symbols 


F  (subscript) 
r  (subscript) 
P 
~P,P 

g 
h 

s 

AP 

(Tij 
Cli 

To 

Po 

V  l,  i.OOM 

c  (subscript) 
/  (subscript) 
s  (subscript) 

d  (subscript) 

Xic ,  Xi  I ,  Xi  8  ,  X ill 

n  n  n 

2  xic  =  2  xn  —  2  Xi,  - 
ill 

z  =  melted  fraction  of  c 

Xic  —  ZXu  +   (1  —  z)Xid 

a  =  m,; 


2  Xid 
l 


molten  rock 

solid  rock 

pressure 

mean  density,  density 

acceleration  due  to  gravity 

depth  in  the  earth,  taken  from  the  surface 

shear  strength 

Pr  P F 

stress  tensor 

acceleration 

initial  temperature 

hydrostatic  pressure 

molar  volume  of  the  liquid,  tth  component,  pure 

solid  or  COM 
ideal  solid  solution  of  the  n  components 
ideal  liquid  solution  on  the  liquidus  at  T0,  Po 
ideal  solid  solution  on  the  solidus  at  T0,  Po,  and  in 

equilibrium  with  liquid  I 
the  ideal  solid  solution  produced  when  solid  c  is 

partially  melted 
mole  fraction  of  the  ith  component  in  c,  I,  s,  or  d 


.    k}   [smallest  and  largest  members  of  the  set  milrriij 
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stress  difference  of  a  decoupled  fault  or 
fracture  is  considered  to  contain  two 
infinite  discontinuity  surfaces.  On  one  side 
of  each  the  pressure  is  approximated  by 

Pr  ^prgh±  4/3£r 

for  rocks  that  can  support  a  maximum 
shear  stress  of  Sr.  The  adjacent  pressure 
can  theoretically  range  from 

PF  =  0  through  PF  =  pFgh, 

for  a  liquid  exposed  to  the  surface,  to 

AP  =  0. 

Parts  of  the  system  are  presumed  not  to 
be  static  but  to  be  under  conditions  of 
motion  by  gravitational  force,  according 
to  the  equation 


+  pg  =  pdi, 


where  o-i;-  is  the  stress  on  any  free  part, 
accelerated  (a*)  in  the  direction  of  h. 
Superimposed  upon  this  motion  is  the 
finite  chemical  diffusional  gradient,  which 
is  assumed  to  be  such  that  the  proposed 
process  of  magma  generation  can  proceed. 
Other  finite  motions,  such  as  those  caus- 
ing lava  to  squeeze  to  the  surface,  may 
exist  as  well.  Not  considered  in  this 
treatment  is  the  general  theory  of  stress 
differences  at  depth,  for  which  fractures 
and  faults  are  special  cases  (Ida,  1970). 

If  part  of  a  system  is  held  at  lower 
pressure  than  another,  changes  in  free 
energy  occur  (Yoder,  1955).  Material 
along  a  zone  of  lowered  stress  is  at  a 
lower  free  energy  than  the  rest  of  the 
system.  The  resulting  free-energy  change 
causes  changes  in  the  stability  of  the 
phases.  At  a  given  temperature  {T0)  and 
hydrostatic  pressure  (Po),  a  metastably 
displaced  melting  reaction  (Fig.  56)  can 
be  written: 


o 

o 

CD 
CL 

E 

.CD 


IOOO 


solid 
*t'lc«*'2c  • 


liquid 
==  Z  X11X21 


solid 

+  (1  —  z)xldx2d 


where  1,2,..  .  refer  to  components.  The 
Gibbs'  function,  AG,  and  the  partial 
Gibbs'  potential, 

)  ,  for  this  reaction  are 

qZ     JL)L  }XC)Xg)Xi 


A(l) 


£?     1300 

_2     I200h 
o 

CD 

g-    1100 

CD 

K    1000 


B 


Ate) 


AG  =  RT 


z  %xu  In  (xu,) 


+  %  (xic  —zXii)  In 


.2,  Xic  in  \Xic) 


/9ACA 

\         (j£        /      *)•*■     )XC)XSyX\ 


(X{c         zXii  \ 
1-*  / 

]■ 


NaAISi04 

Ne  Ab 

Mole  fraction 


Si02 


BTXxtt\n 


Fig.  56.  (A)  Binary  melting  loop,  idealized 
from  the  plagioclase  system.  (B)  Double  eutectic 
in  the  nepheline  (Ne),  albite  (Ab),  silica  (S1O2) 
system. 


Xis         ZXfe  \ 
>Xic         ZXn  J 

/3AGX 

V  ?)z  )  z  =  0,AG  =  0 

RT%Xn  In  (Xis/Xic). 
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This  quantity  is  always  positive  if  the 
solid,  s,  is  stable  at  P0,  T0.  If  the  solids 
are  raised  to  a  higher  pressure  (P)  than 
the  liquid  (P0),  the  chemical  potential 
changes  as 

d_  /gAg\      d_  (d*G\  v 

dP\  d*  )     dz\dP  )-    '   " 

the  molar  volume  of  the  liquid.  Solving 
this  differential  equation  at  z  =  0  gives  a 
workable  equation  as  follows: 


JR 


d(2^- 


RTtxu  In  tes/£iC)  ™  \  ?>z  ) 
Po  +  AP 


-  r 

JPo 


F,dP; 


PT 


P  —  P0  =  AP  =  -r^^  Xil  In  (Xia/Xto) 
V  i 


l  i 


This  AP  is  the  pressure  difference  be- 
tween the  solid  and  liquid  required  to 
promote  the  partial  melting.  For  example, 
if  the  following  quantities  are  given 


T 

X\i 
%\s 
%lc 
%2l 
%2s 
%2c 


50  cc, 

1000  °K, 

0.1, 

0.4, 

0.6, 

0.9, 

0.6, 

0.4, 


and  the  above  equation  is  solved  for  AP, 
it  is  seen  that  the  partial  melt  reaction 
c  -»  zl  +  (1  —  z)d  pictured  for  the 
binary  system  in  Fig.  56  would  occur  with 
AP  =  0.55  kb.  This  AP  permits  a  reac- 
tion different  from  the  one  predicted  from 
the  equilibrium  phase  diagram  (in  which 
c  is  stable,  so  that  there  would  be  no 
melting),  but  can  of  course  be  used  to 
calculate  the  correct  phase  diagram  for  a 
process  in  which  a  stress  discontinuity 
occurs. 

The  following  derivation  has  been  spe- 
cialized for  eutectic  phenomena,  and  sim- 
plified by  defining  phases  as  pure  sub- 
stances, although  it  can  easily  be  com- 


bined with  the  treatment  of  solid  solu- 
tions given  above.  The  eutectic  liquids 
calculated  by  this  procedure  are  not  those 
shown  on  the  phase  diagram  for  hydro- 
static pressure.  Under  different  condi- 
tions of  stress,  it  is  possible  to  produce 
compositionally  different  liquids  (i.e., 
granitic  and  basaltic;  see  Yoder,  Year 
Book  69,  p.  141)  from  solids  of  the  same 
composition. 

Starting  with  an  intermediate  pure 
compound  (COM)  of  composition  m1m2 
. . .  mn,  within  an  n-component  system  (the 
components  ra*  >  0,  all  i) ,  suppose  a 
eutectic  point  exists  in  the  region  j.  At 
this  eutectic  a  liquid  coexists  with  COM 
and  with  n  —  1  (;  is  excluded)  pure 
phases,  chosen  here  as  components.  Co- 
ordinates which  fix  the  position  of  the 
liquid  in  pressure,  temperature,  and  n- 
component  space  are  P0,  Tjt  m^m^  .  .  . 
mnj.  The  eutectic  reaction  at  equilibrium 
is  given  by 

liquid  solid  (COM) 

mljm2j .  .  .  mnj  ±±  (1//?)  m\m2  . .  .  mn 

solids  (pure  components) 

+  Xirriij  —  nii/p) 

i 

where  the  Gibbs'  function  (AG)  is  zero. 
For  metastable  melting  of  COM  at  Th 
the  equation  is 

solid  (COM)  liquid 

m1m2  . .  .  mn  =  am^rrioj .  .  .  mnj 

solids  (pure  components) 

x  +2  (mi  —  arrtij) 

i 

where  (m*  —  aw%)  ZTQ  i  ~ fc  ' 

The  Gibbs'  function  for  this  reaction  is 
AG  —  -(1  -  «/£)AGcom  >  0 

where  0  <  a//3  <  1  and  AGcom  —  Gibbs' 
free  energy  of  formation  of  COM  from 
the  n  component  phases  at  P0,  Tj.  The 
pressure  difference,  AP,  sufficient  to  pro- 
mote this,  is  given  by 


AP 


(1 -<*//?)  AGcom 
%  (mt  —  atriij)  Vi  —  Fcom 
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For  example,  albite  (NaAlSi308)  in  the 
system  nepheline  (NaAlSiOJ  -silica 
(Si02)  does  not  normally  melt  incon- 
gruently  (Fig.  56B)  but  can  produce 
either  or  both  of  two  eutectic  liquids  with 
sufficient  AP.  Given  that 

mi  =  1, 
ra2  =  2, 
Vi  =  56  cc, 
V2  =  27.5  cc, 
yAb  =  103  cc, 
AGAb  =  —  327kbcc; 

and  for  eutectic  (1) 

mil  =  0.20, 
m21  =  0.80, 

a=^  =  2.50, 
m2,i 

^  =  ^  =  5.00; 
mhl 

and  for  eutectic  (2) 

rai.2  =  0.44, 
m2.2  =  0.56, 

.  a=^  =  2.27, 

mi)2 


Pr- 


m2 
m2(2 


3.57; 


then  AP  =  2.2  and  1.4  kb  for  eutectics 
(1)  and  (2),  respectively. 

Summary 

The  phenomenon  that  could  produce 
melting  at  a  stress  dislocation  within  the 
earth  occurs  if  the  liquid  is  at  a  pressure 
lower  than  that  of  its  parent  solid.  This 
melting  is  not  simply  a  consequence  of 
mechanical  heating  or  of  being  at  a  lower 
pressure  on  a  melting  curve.  Liquids  of 
compositions  different  from  those  possible 
for  hydrostatic  pressure  are  produced, 
and  more  than  one  such  liquid  can  be 
produced  and  can  coexist  with  others. 
Solidus  temperatures  can  be  lowered  as 
well. 


Because  it  is  a  nonequilibrium  process, 
the  efficiency  and  even  the  existence  of 
such  melting  are  rate  dependent.  If  the 
pressure-solution  principle  (Van  Valken- 
berg,  Mao,  and  Bell,  this  report,  below), 
is  superimposed  on  the  present  treatment, 
it  can  be  shown  that  first-formed  liquids 
should  quickly  dissolve  stressed  solids 
and  reprecipitate  them  as  inclusions. 

Solubility  of  Minerals  at  High  Water 
Pressures 

A.  Van  Valkenburg,  H.  K.  Mao,  and  P.  M.  Bell 

Aqueous  solubility  of  minerals  at  high 
pressure  has  been  studied  for  many  years 
at  the  Geophysical  Laboratory  (Adams 
and  Hall,  Year  Book  30,  p.  91)  and  else- 
where (Harker,  1956;  Turner  and  Ver- 
hoogen,  1960)  because  geologists  have 
long  believed  in  the  field-empirical  con- 
cept of  "stress-solution"  that  along  deep 
faults  in  the  earth  minerals  are  dissolved 
away  at  points  of  high  stress  concentra- 
tion and  are  reprecipitated  at  zones  where 
stresses  are  lower.  Nevertheless,  experi- 
ments were  generally  not  successful  in 
supporting  these  concepts,  for  reasons 
that  now  seem  attributable  entirely  to  the 
nonlinear  behavior  of  aqueous  solutions 
under  pressure.  In  the  present  experi- 
ments, for  which  the  diamond-windowed 
pressure  cell  (Bell  and  Mao,  Year  Book 
68)  was  employed,  the  solubilities  of 
gypsum,  calcite,  and  several  other  com- 
pounds were  observed  to  increase  sharply 
at  water  pressures  greater  than  4  kb. 
Precise  measurements  with  a  Teflon  pres- 
sure cell  supported  in  a  carbide  cylinder 
of  large  volume  provide  documentation  of 
the  nonlinear  character  of  the  pressure- 
solubility  function. 

Figure  57  shows  photomicrographs  of 
gypsum  taken  through  the  diamond 
window  of  the  pressure  cell.  Little  change 
occurred  until  approximately  4  kb,  when 
the  crystal  dissolved  rapidly.  At  approxi- 
mately 9  kb,  a  solid  solution  of  gypsum 
with  ice-VI  appeared.  When  the  pressure 
was  released  ice-VI  disappeared,  and  be- 
low 4  kb,  gypsum  reprecipitated,  produc- 
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Fig.  57.  Photomicrographs  of  a  gypsum  crystal  in  water  as  viewed  through  the  diamond-win- 
dowed pressure  cell  (field  approximately  250  ^m).  (A)  1  kb.  (B)  4-5  kb.  (C)  9-10  kb  (peripheral 
crystals  are  ice-VI).    (D)  Pressure  released  to  less  than  4  kb. 


ing  overgrowths  on  a  remanent  of  the 
original  crystal. 

Figure  58A  shows  the  pressure-solu- 
bility curve  for  gypsum,  determined  in  a 
Teflon  cell  of  approximately  1  cc  capa- 
city, which  was  compressed  in  a  piston- 
cylinder  apparatus.  The  sudden  increase 
of  solubility  appears  to  follow  a  nonlinear 
S-shaped  curve,  the  form  of  which  can 
be  calculated  from  known  properties  of 
calcium  and  sulfate  ions.   The  solubility, 


m  (molal) ,  changes  with  pressure,  P,  ac- 
cording to  the  equation 


dm 
~dP 


AVm/vRT 


for  small  m,  where  AV  ■—  V  —  V  ,V_  = 
molar  volume  of  the  pure  solute,  V  = 
partial  molar  volume  of  the  solute  in 
saturated  solution,  and  v  =  number  of 
ions  per  mole  of  solute.  Assuming  AV  to 
be  more  or  less  constant  with  pressure, 


GEOPHYSICAL     LABORATORY 


235 


5  10 

Weight  per  cent  of  gypsum  in  saturated  solution 


Fig.  58A.  Solubility  measurements  of  gypsum  with  increasing  pressure. 
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Liquid  -I-  gypsum 


H20 


CaS04-2H20 


B 


Fig.  58B.    Idealized  phase  diagram  for  the  system  H20-CaS04-2H20  showing  location  of  the 
solubility  curve  from  (A). 


solution  of  the  differential  equation  shows 
the  solubility,  m,  to  be  an  exponential 
function  of  P: 


m/M0  =  10 


KAV/2.S03RT)  (P-PJ] 


where  M0  is  the  solubility  at  P0.  Sulfates, 
sulfides,  and  carbonates  have  small  or 
even  negative  V  (Owen  and  Brindley, 
1941),  resulting  in  large  positive  values 
of  AT7.  For  example,  AV  for  a  mineral 
such  as  gypsum  is  about  41.3  cc/mole, 
indicating  an  increase  in  solubility  by  a 
factor  of  10  for  every  2.8  kb  increase  in 
water  pressure.  At  very  large  values  of 
m,  AV  decreases,  and  the  curve  becomes 
S-shaped.  Figure  58B  shows  where  this 
curve  fits  in  a  probable  phase  diagram  for 
the  system  gypsum-water. 


Other  minerals  studied  whose  increase 
of  solubility  with  pressure  was  sufficient 
to  observe  by  microscope  are  witherite 
(BaC08),  calcite  and  aragonite  (CaC03), 
hydromagnesite  [Mg^COsMOH^- 
3H20] ,  and  oldhamite  (CaS) .  In  each 
case  crystals  reprecipitated  from  solution 
on  release  of  pressure. 

The  effect  of  pressure  on  solubility  is 
similar  for  many  natural  compounds. 
Other  effects  in  deep  faults,  such  as  those 
caused  by  differences  in  water  and  rock 
pressures  (MacDonald,  1953),  would  ap- 
pear to  be  overwhelmed  by  this  effect, 
where  it  is  operative.  Early-formed  min- 
erals at  shear  zones  and  points  of  high 
stress  concentration  will  rapidly  dissolve 
and  reprecipitate  where  pressures  are 
lower. 
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The  pressure-solubility  effect  might 
conceivably  have  application  in  processes 
of  solvent  extraction.  It  might  be  possi- 
ble to  selectively  dissolve  away  a  desir- 
able mineral  substance  from  a  slurry 
raised  to  pressures  greater  than  4  kb.  The 
resulting  solution  could  be  tapped  off  into 
a  low-pressure  tank  where  the  purified 
compound  would  precipitate. 

Ikaite   (CaC03-6H20),  a  Phase  More 

Stable^ than  Calcite  and  Aragonite 

(CaC03)  at  High  Water  Pressure 

A.  Van  Valkenburg,  H.  K.  Mao,  and  P.  M.  Bell 

Calcite  and  aragonite,  major  mineral 
constituents  in  all  natural  limestones  and 
marbles  and  most  natural  shell  tests,  are 
relatively  insoluble  in  pure  water.  How- 
ever, in  experiments  employing  the  dia- 
mond pressure  cell  (Van  Valkenburg, 
Mao,  and  Bell,  this  report,  above)  calcite 
and  aragonite  become  increasingly  solu- 
ble as  the  water  pressure  is  increased 
above  6  kb.  During  the  experiments  at 
25 °C,  precipitation  of  a  phase  other  than 
calcite  was  observed  after  calcite  had 
dissolved.  The  new  phase  grows  at  the 
expense  of  both  calcite  and  aragonite  at 
pressures  above  6  to  7  kb.  At  pressures 
below  1  kb,  the  new  phase  inverts  rapidly 


to  calcite.  These  observations  imply  that 
growth  of  the  new  phase  may  exclude  the 
calcite-aragonite  transition  under  geo- 
logic conditions,  as  was  previously  in- 
ferred in  experimental  work  on  the  cal- 
cite-aragonite reaction  (Bell  and 
England,  Year  Book  63) . 

It  was  found  that  crystals  of  the  new 
phase  could  be  synthesized  in  the  piston- 
cylinder  apparatus  and  later  removed  for 
examination  without  inversion,  by  cool- 
ing below  0°C.  Figure  59  shows  one  of 
the  finely  terminated  crystals.  X-ray 
diffraction  measurements  of  the  quenched 
sample  recorded  in  a  cooled  sample  con- 
tainer at  1  bar  (Table  32)  and  in  the 
diamond  cell  at  high  pressure  demon- 
strate that  the  new  phase  is  the  mono- 
clinic  hexahydrate  of  CaC03,  whose  crys- 
tal structure  has  been  recently  deter- 
mined by  Dickens  and  Brown  (1970). 
The  hexahydrate  was  first  synthesized 
at  the  Geophysical  Laboratory  by  John- 
ston, Merwin,  and  Williamson  (1916). 
The  mineral  name  ikaite  (Fleischer, 
1964)  has  been  given,  referring  to  the 
single  known  natural  occurrence  of  the 
hexahydrate  at  the  Ika  Fjord  in  Green- 
land. In  this  fjord,  ikaite  has  formed  in 
a  carbonatite  deposit  and  is  preserved  by 
being  submerged  in  cold  (0°-4°C)  arctic 


Fig.  59.  Crystal  of  ikaite  (length  of  crystal  approximately  1  mm) 
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TABLE  32. 

X-Ray  Diffraction  Data  for  Ikaite 

(T— 0°C) 

h 

k 

I 

Otobs,  A. 

1 

1 

0 

5.90211 

—1 

1 

1 

5.82114 

0 

0 

2 

5.16716 

—1 

1 

2 

4.45924 

2 

0 

0 

4.14245 

0 

2 

0 

4.12345 

—2 

0 

2 

3.97587 

1 

1 

2 

3.46095 

2 

2 

0 

2.93267 

2 

0 

2 

2.77732 

-3 

1 

1 

2.76313 

-2 

2 

3 

2.57358 

-3 

1 

3 

2.53209 

2 

2 

2 

2.31224 

-3 

1 

4 

2.24586 

1 

3 
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a,  A 
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0.01438 

b,  A 
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0.00857 

c,  A 

11.05086 

0.01481 

d,  deg 

90.00000 

frdeg 

110.55804 

0.08989 

7,  deg 

90.00000 

F,A3 

757.0337 

2.2264 

waters.  (An  article  on  the  discovery  of 
ikaite  by  Pauly,  1963,  was  kindly  trans- 
lated from  the  Danish  by  Dr.  and  Mrs. 
B.  G.  J.  Upton.) 

High  pressures  and  the  presence  of 
water  are  required  to  form  ikaite  at  room 
temperature.  In  virtually  all  previous 
experiments     on     the     calcite-aragonite 


transition  these  conditions  were  met; 
either  the  starting  materials  were  not 
dried  or  water  was  added  to  the  system 
(Crawford  and  Fyfe,  1964;  Bell  and  Eng- 
land, Year  Book  63;  Boettcher  and  Wyl- 
lie,  1968).  Consequently,  the  hexahy- 
drate  or  perhaps  a  dihydrate  may  have 
occurred  in  most  of  the  earlier  studies. 
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ISOTOPE    GEOCHEMISTRY    AND 
RADIOCHEMICAL    AGE    DETERMINATIONS 


The  Grenville  Front  Interpreted  as 
an  Ancient  Plate  Boundary 

T.  E.  Krogh  and  G.  L.  Davis 

Taken  together  with  the  geology  of  the 
region,  isotopic  age  determinations  in  the 
Grenville  province  and  along  the  Gren- 
ville Front  (Year  Book  66-Year  Book 
69)  support  the  hypothesis  that  the  Front 
acted  as  a  Precambrian  plate  margin  for 
about  1000  m.y.  In  spite  of  an  extensive 
search,  rocks  equivalent  in  age  to  those 
of  the  Superior  province  (about  2700  m.y. 


old)  have  not  been  found  more  than  a 
few  miles  south  of  the  Grenville  Front. 
Rather,  this  region  south  of  the  Front  in 
Ontario  is  composed  of  a  thick  series  of 
metasedimentary  rocks  that  were  meta- 
morphosed and  invaded  by  granite  about 
1700  m.y.  ago  (Fig.  60).  Similarities  in 
ages,  lithology,  and  deformational  char- 
acteristics suggest  that  this  belt,  adjacent 
to  the  Front  and  up  to  80  km  wide,  con- 
tinues for  at  least  600  km  into  Quebec. 

We  propose  that  the  ancient  Superior 
province  craton  was  ruptured  and  drifted 


Fig.  60.  Generalized  geological  map  of  the  Canadian  shield.  Numbered  points  are  sample  loca- 
tions in  the  Superior  province.  In  the  Grenville  province,  squares  indicate  ages  between  1700  and 
1800  m.y.  and  circles  indicate  ages  of  about  1500  m.y.  Data  for  samples  labeled  F  are  from  Frith 
andDoig  (1971). 
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apart  to  expose  a  new  continental  margin  renewed  uplift  along  this  zone  about  1000 

and  that  sediments  were  deposited  be-  m.y.  ago.  In  its  early  stages,  before  1600 

tween   Lake   Huron    and   the   Labrador  m.y.  ago,  the  Front  probably  was  a  zone 

trough.    These  sediments  were  probably  between  a  mobile  recrystallizing  sediment 

coeval  with  the  Huronian  formations  (de-  wedge  and  a  stable  craton  at  an  ancient 

posited  about  2000  m.y.  ago),  as  well  as  subduction  zone.   In  later  deformational 

the  sedimentary  deposits  near  Lake  Mis-  stages  the  earlier  formed  Front  zone  was 

tassini  and  in  the  Labrador  trough.  Geo-  probably  dissected  by  the  faults  that  are 

logical  observations  consistent  with  this  mapped  as  the  Grenville  Front  today, 

hypothesis    include   the    following:    The  Some  such  faults  apparently  occur  on  the 

east-west  trending  belts  of  volcanic  rocks  Superior  province  side  of  the  old  Front, 
in  the  Superior  province  are  truncated  at         Metamorphosed    granitic    rocks    with 

the   Grenville  Front;    certain   Huronian  Rb-Sr  whole-rock  and  U-Pb  zircon  ages 

formations  south  of  Sudbury  thicken  near  of  about   1500  m.y.  occur  both  in  the 

the  Front;  facies  changes  occur  in  some  northern  80  km  with  the  1700-m.y.-old 

Huronian  formations  in  the  vicinity  of  granites  in  Ontario  and  farther  south,  as 

the  Front;  and  the  iron  formations  of  the  far  as  160  km  southeast  from  the  Front. 

Labrador  trough  continue  into  the  Gren-  Preliminary   data   and   recent  work   by 

ville  province  toward  Lake  Mistassini.  Frith  and  Doig  (1971)  suggest  a  similar 

Detailed  investigations  of  the  Front  age  pattern  as  far  as  600  km  to  the  east  in 
zone  near  Georgian  Bay  have  shown  that  Quebec.  This  extensive  magmatism  may 
the  deformation  that  produced  a  north-  indicate  renewed  orogenic  activity, 
east-trending  foliation,  a  southeast-  Large  granitic  intrusive  bodies  dated 
plunging  lineation,  and  a  later  myloniti-  at  1400,  1300,  and  1200  m.y.  also  occur  in 
zation  occurred  earlier  than  1600  m.y.  Ontario  in  the  northern  80  km  of  the 
ago.  A  series  of  granites  with  associated  Grenville  province.  These  rocks  are  in 
pegmatites  that  intrude  the  Grenville  general  less  metamorphosed  and  de- 
Front  zone  in  this  area  have  a  U-Pb  formed  than  older  rocks  of  similar  com- 
zircon  age  of  1550  m.y.  and  a  Rb-Sr  position.  The  northwest-trending  linea- 
whole-rock  age  of  1590  m.y.  Muscovite,  tion  of  the  region  is  most  strongly  de- 
which  is  aligned  to  form  lineations  in  the  veloped  in  the  1700-m.y.-old  rocks  and  is 
Front  zone  south  of  Sudbury,  has  Rb-Sr  only  weakly  developed  or  absent  in  the 
ages  between  1200  and  1700  m.y.  Farther  1300-m.y.-old  rocks, 
east,  in  the  Grenville  Front  zone  near  The  northern  extent  of  all  these  intru- 
Lake  Temagami  (Fig.  60) ,  Superior  prov-  sive  rocks,  emplaced  over  a  time  span 
ince  granites  have  been  found  as  far  as  15  from  1700  to  1200  m.y.,  is  the  Grenville 
km  south  of  the  Front.  Rb-Sr  ages  for  Front.  Similar  rocks  are  essentially  non- 
biotite  from  the  same  rocks  are  about  940  existent  north  of  the  Front  in  the  Superior 
m.y.  The  time  of  intense  recrystalliza-  province.  A  similar  age  pattern  and  type 
tion  does  not  correspond  to  the  mineral  of  deformation  appear  to  be  common  for 
age,  however,  because  pegmatites  that  more  than  600  km  adjacent  to  and  south 
postdate  the  migmatization  yield  zircon  of  the  Grenville  Front.  Even  the  young- 
U-Pb  ages  of  2650  m.y.  est  intrusives  have  been  somewhat  foli- 

The  data  support  the  hypothesis  that  ated,  indicating  a  long  period  of  deforma- 

a  sediment  wedge,  accumulated  at  the  tion.   This  continuity  of  deformation  and 

newly   formed   continental  margin,   was  intrusion  in  both  space  and  time  and  its 

thrust  against  the  old  craton  and  meta-  restriction  to  only  those  rocks  south  of 

morphosed     and     intruded     by     granite  the  Grenville  Front  support  the  hypothe- 

earlier  than  about  1600  m.y.  ago.    The  sis  that  the  Grenville  region  has  been 

younger  age  for  biotites  in  the  south  of  affected  by  motions  of  vast  lithospheric 

the  Front  zone  very  likely  results  from  plates  during  Precambrian  time. 
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Zircon  U-Pb  Ages  of  Archean  Meta-  fide  deposits  to  either  the  period  of  vol- 

volcanic  Rocks  in  the  Canadian  canism  or  the  time  of  emplacement  of 

Shield  the  igneous  rocks  that  intrude  the  vol- 

m   T?    is      l      j  n    t    r,     •  canic  rocks  are  still  unresolved.  In  maior- 

T.  E.  Krogh  and  G.  L.  Davis  .                       ...             . 

element  chemical  composition  the  ancient 

The  new  analytical  procedure  for  zir-  volcanic  rocks  are  analogous  to  modern 

cons  has   been  combined  with  our  im-  island-arc     volcanic     suites.      However, 

proved  high-precision  mass  spectrometry  modern   arcs   are   usually    active   for   a 

to  determine  the  ages  of  volcanism  and  limited  duration  and  are  commonly  syn- 

plutonism    in    parts    of    the    Canadian  chronous  for  long  distances  in  one  dimen- 

shield.    Previous  determinations,  mostly  sion,  whereas  in  the  shields  many  parallel 

by  the  K-Ar  method,  indicate  a  scatter  of  belts  of  greenstone  occur  side  by  side, 

ages  between  2700  and  perhaps  2200  m.y.  usually    surrounded    by    vast    areas    of 

(Wanless  et  al.,  1968) .    Our  determina-  granites    and   gneisses.    Precise   isotopic 

tions  of  the  whole-rock  Rb-Sr  ages  of  dating  can  add  to  our  understanding  of 

these  ancient  volcanic  rocks  yielded  an  these  and  other  fundamental  geological 

inconclusive     interpretation,     i.e.,     each  problems. 

sample  analyzed  has  a  different  apparent  Data  for  the  Noranda  area  (Fig.  60) 

age.  Zircon  U-Pb  ages  do  yield  consistent  shown  in  Fig.  61  indicate  that  two  grano- 

results  and  provide  the  only   available  diorite  bodies  that  intrude  the  volcanic 

method  for  measuring  the  time  of  crystal-  suites  are  essentially  coeval  at  2755  m.y. 

lization   of   both   the   volcanic   and   the  (one    body    represented    by    V348    and 

plutonic   rocks.    The   igneous   aspect   of  V349,  the  other  by  V346) .  A  single  sam- 

these  rocks  and  their  low  metamorphic  pie  from  a  volcanic  rock  in  this  area, 

grade  assure  us  that  only  one  generation  V334,  appears  to  be  only  a  few  million 

of  zircons  is  present,  thus  simplifying  the  years  older.  Further  studies  of  other  vol- 

interpretation.  We  take  advantage  of  the  canic  rocks  in  the  area  and  of  intrusive 

low  contamination   levels   of  the   bomb  rocks  that  locally  invade  ore  bodies  are 

technique  to  analyze  several  fractions  of  under  way. 

the  small  amount  of  zircons  (1-100  mg)  On  a  regional  scale  the  results  reveal 
usually  present  in  the  acid  volcanic  rocks  that  volcanic  and  igneous  rocks  distrib- 
(samples.  usually  50  kg) .  Errors  associ-  uted  in  an  east-west  direction  are  ap- 
ated  with  the  ages  measured  by  this  proximately  the  same  age,  even  where  the 
technique  are  primarily  a  function  of  the  greenstone  belts  are  not  continuous.  Sam- 
disposition  of  the  data  on  a  concordia  pies  V57  and  V54,  which  are  from  a 
diagram.  A  chord  must  be  obtained  by  trondhjemitic  pluton  and  a  volcanic  tuff, 
analyzing  more  than  one  fraction  from  respectively,  are  situated  400  km  west  of 
the  same  sample.  Because  such  chords  Noranda  in  another  greenstone  belt.  The 
have  not  yet  been  established  for  all  age  data,  though  incomplete,  indicate  an 
samples,  errors  will  not  be  assigned  at  this  age  within  10  m.y.  of  those  found  at 
stage.  When  three  or  more  data  points  Noranda.  A  previously  determined  U-Pb 
are  completed  for  a  single  sample,  the  age  of  2750  m.y.  for  zircons  from  the 
probable  error  of  the  age  determination  Rainy  Lake  area,  1000  km  west  of  Nor- 
is  ±5  m.y.  anda,  suggests  that  synchronous  vol- 
In  the  Canadian  shield,  as  in  other  canism  and  plutonism  extended  over  a 
shields  throughout  the  world,  the  age  re-  much  larger  area  (Hart  and  Davis,  1969). 
lationships  between  the  so-called  green-  An  examination  of  the  measured  ages 
stone  belts  and  the  surrounding  granitic  in  adjacent  volcanic  belts  reveals  a  sim- 
and  gneissic  rocks  are  still  a  matter  of  pie  pattern  with  ages  increasing  to  the 
controversy  (Fig.  60).  Arguments  that  north.  For  example,  an  age  of  2755  m.y. 
relate  the  emplacement  of  massive  sul-  was    measured    for    two    granitic    rocks 
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Fig.  61.  Concordia  diagram  showing  zircon  data  for  volcanic  and  plutonic  rocks  of  the  Canadian 
shield.  Letters  after  sample  numbers  refer  to  magnetic  properties  of  zircon  fractions.  Duplicate 
analyses  are  indicated  by  DUP. 


within  the  volcanic  pile  at  NOranda, 
whereas  a  similar  granitic  rock  (sample 
70-32)  further  north  at  Chibougamau 
has  an  age  of  2780  m.y.  Similarly,  data 
for  western  Ontario  indicate  ages  of 
2750  and  2800  m.y.  for  Rainy  Lake  (Hart 
and  Davis,  1969)  and  the  Utchi  Lake 
area  280  km  farther  north  (sample  70- 
157).  Another  175  km  farther  north 
again,  in  the  Favourable  Lake  area,  an 
age  of  2950  m.y.  has  been  determined 
(sample  70-159A).  The  age  data  for  the 
Sturgeon  Lake  area  (sample  70-159T) 
are  less  precise,  but  an  age  value  between 
those  for  the  rocks  to  the  north  and  to 
the  south  is  indicated.  Such  a  pattern 
demands  further  testing,  but  it  suggests 
a  fascinating  picture  of  long  belts  of  vol- 
canic and  plutonic  rocks  developing 
sequentially,  together  forming  a  new, 
extensive,  crustal  addition  between  2750 
and  2950  m.y.  ago.    The  data  thus  far 


invite  an  analogy  to  modern-day  island- 
arc  volcanism. 

Effect  of  Regional  Metamorphism  on 

Radiometric  Ages  in  Pelitic  Rocks — 

Preliminary  Results 

.1.  Hofmann 

Highly  discordant  K-Ar  and  Rb-Sr 
ages  ranging  from  43  to  about  1750  m.y. 
have  been  found  in  micas  from  meta- 
morphosed Beltian  sediments  from  north- 
ern Idaho.  The  preliminary  data  indicate 
the  presence  of  large  quantities  of  excess 
argon  in  some  biotites,  they  show  that  the 
whole-rock  Rb-Sr  systems  were  disturbed 
but  not  reset  on  a  regional  scale,  and  they 
confirm  the  geologic  evidence  for  a  young 
(Mesozoic  to  Tertiary)  age  of  the  meta- 
morphism (Hietanen,  1968). 

Previous  studies  on  the  effect  of  meta- 
morphism   on     radiometric    ages    have 
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focused  primarily  on  contact  meta- 
morphic  settings  and  on  the  response  of 
crystalline  rocks  to  regional  metamor- 
phism.  In  contrast,  the  isotopic  ages  that 
result  from  regional  metamorphism  of 
sedimentary  rocks  are  poorly  understood. 
Discordant  age  patterns  of  such  rocks  are 
usually  interpreted  as  indicating  some 
sequence  of  "events"  that  are  tentatively 
correlated  with  other  geologic  informa- 
tion, but  the  basis  for  this  correlation  is 
often  obscure  or  absent  because  there  are 
no  independent  criteria  that  would  fix 
any  specific  event  in  this  correlation.  A 
geologic  setting  for  the  detailed  study  of 
the  isotopic  effects  of  metamorphism  on 
sedimentary  rocks  should  meet  the  fol- 
lowing requirements:  (1)  The  difference 
between  the  times  of  sedimentation  and 
metamorphism  should  be  large,  so  that 
the  results  afford  sufficient  resolution; 
(2)  the  geologic  history  should  be  well 
studied  and  sufficiently  simple  so  that  the 
different  "events"  may  be  clearly  identi- 
fied and  uniquely  correlated  with  the 
isotopic  data;  (3)  the  composition  of  the 
rocks  should  be  such  that  K-Ar,  Rb-Sr, 
and  U-Pb  measurements  can  be  made  on 
the  same  samples;  (4)  the  rocks  should 
contain  at  least  some  pelites  so  that  well- 
understood,  "standard"  metamorphic 
conditions  may  be  identified  and  the  re- 
sults may  be  applied  to  other  terranes. 

Preliminary  Rb-Sr  and  K-Ar  meas- 
urements have  been  made  on  meta- 
morphosed pelitic  sediments  of  the  Belt 
series  north  of  the  Idaho  batholith,  north- 
ern Idaho.  The  samples  have  been  kindly 
made  available  by  Anna  Hietanen,  who 
has  studied  the  geology  of  the  area  and 
has  mapped  both  the  stratigraphy  and 
the  metamorphic  facies  of  the  metasedi- 
ments.  B.  J.  Giletti  provided  mass  spec- 
trometer time  and  spikes  for  the  argon 
determinations.  The  mica  ages,  together 
with  several  K-Ar  ages  previously  meas- 
ured by  J.  Engels  (see  Hietanen,  1969) 
are  given  in  Fig.  62,  which  shows  the  age 
values  on  a  logarithmic  scale  and  the 
various  metamorphic  zones  on  an  arbi- 
trary linear  scale.    Most  of  the  samples 


2000 

1000 
800 

600 
400 

^200 


CD 

en 
< 


00 
80 

60 
40 

20 

10 


+  B(E) 
B 


+M 

I 

(OM) 


6b 


+  B(E) 

+B(E)  Im(e) 

+  B(E)     tM      °B 
Or_i 


'M 


'B-M 


+  M 


OB 


OB 


°B 


K-Ar  age    + 
Rb-Sr  age    o 


A+K+S    S+M     S  +  K  St  +  K      St  G 

Metamorphic  zone 

Fig.  62.  K-Ar  and  Rb-Sr  ages  of  muscovites 
(M)  and  biotites  (B)  versus  metamorphic  grade 
in  the  Snow  Peak  area,  Idaho.  Different  values 
from  single  samples  are  connected  by  vertical 
lines.  K-Ar  determinations  by  J.  Engels  are 
labeled  (E).  Samples  2096  and  A-23  show  the 
strongest  discordances.  These  are  further  dis- 
cussed in  the  text.  A,  andalusite;  K,  kyanite; 
S,  sillimanite;  M,  muscovite;  St,  staurolite;  G, 
garnet  (Hietanen,  1968).  XRb  =  1.39  X  10""  yr"1. 

were  taken  from  the  region  between 
Middle  Sister  and  Eagle  Point  where  the 
metamorphic  isograds  form  a  simple  pat- 
tern (Hietanen,  1968).  The  samples  from 
the  andalusite-kyanite-sillimanite  zone 
are  from  the  Goat  Mountain  area  where 
the  metamorphic  history  appears  to  be 
more  complicated.  These  data,  though 
incomplete,  show  some  striking  features: 
(1)  There  is  a  lower  age  limit  of  about 
43  m.y.,  which  is  identical  with  K-Ar 
ages  (McDowell  and  Kulp,  1969;  Hiet- 
anen, 1969)   of  the  latest  phases  of  the 
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nearby  Idaho  batholith.  There  are  seven 
age  values  between  43  and  53  m.y.,  four 
values  between  53  and  76  m.y.,  and  five 
(excluding  one  duplicate  analysis  and  one 
possibly  meaningless  "age,"  see  discus- 
sion below)  values  in  excess  of  100  m.y. 
(2)  The  age  group  43  to  53  m.y.  is  repre- 
sented in  every  metamorphic  zone. 
Highly  discordant  ages  ranging  up  to 
about  1750  m.y.  are  present  only  in  the 
lower  grade  metamorphic  zones.  (3) 
With  the  single  exception  of  the  ques- 
tionable Rb-Sr  age  of  sample  2096  musco- 
vite, the  K-Ar  ages  are  higher  than  the 
Rb-Sr  ages  in  each  metamorphic  zone. 
(4)  At  least  one  biotite  (2096)  must  con- 
tain excess  argon,  since  its  K-Ar  age 
(1780  ±  54  m.y.  determined  by  J. 
Engels;  1700  ±  51  m.y.  measured  on  a 
new  biotite  separate)  is  greater  than  the 
isochron  age  of  the  oldest  unmeta- 
morphosed  Beltian  sediments  (1325  ±  15 
m.y.,  Obradovich  and  Peterman,  1968) 
and  greater  than  the  age  of  the  basement 
rocks  (1600  m.y.,  Giletti,  1968)  that 
underlie  Beltian  sediments  in  Montana. 

The  Rb-Sr  data  for  sample  2096  are 
shown  in  Fig.  63.  The  petrography  and 
chemistry  of  this  sample  have  been  de- 
scribed  in   detail   by   Hietanen    (1969). 
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Fig.  63.  Rb-Sr  data  for  sample  2096.  B,  biotite; 
M,  muscovite;  W.R.,  whole  rock. 


Although  muscovite,  whole  rock,  and 
biotite  do  not  lie  on  a  single  line,  the  bio- 
tite age  is  well  defined  because  the  bio- 
tite is  much  more  radiogenic  than  the 
muscovite  and  the  whole  rock.  The  mus- 
covite age,  on  the  other  hand,  is  poorly 
defined,  since  a  muscovite— whole-rock 
isochron  yields  164  m.y.  whereas  the 
muscovite-biotite  isochron  is  47  m.y. 
Either  age  may  be  meaningless,  as  the 
rock  was  either  incompletely  equilibrated 
during  metamorphism  or  Rb  and  Sr  were 
partially  redistributed  afterward.  The 
biotite  Rb-Sr  age  of  209  m.y.  for  sample 
A-23  (biotite  from  garnet  zone)  is  excep- 
tionally high,  especially  when  compared 
to  the  48  m.y.  age  for  sample  A-235 
(biotite  from  garnet  zone).  The  initial 
ratio  for  biotite  A-23  was  obtained  by 
analyzing  the  nonmicaceous  residue  from 
the  mineral  separation.  If  the  biotite  did 
not  equilibrate  isotopically  with  this 
reservoir  of  Sr,  then  this  Rb-Sr  age  may 
also  be  meaningless. 

The  excess  argon  that  is  certainly  pres- 
ent in  biotite  2096,  probably  in  biotite 
A-23,  and  possibly  in  several  other  micas 
was  most  likely  introduced  about  45  m.y. 
ago.  An  earlier  introduction  is  unlikely 
because  this  last  event  was  sufficiently 
intense  to  reset  the  Rb-Sr  age  of  biotite 
2096  completely,  so  that  any  previously 
trapped  argon  should  have  been  lost  dur- 
ing this  event  (biotite  generally  loses 
argon  somewhat  more  easily  than  radio- 
genic Sr).  An  important  implication  of 
excess  argon  in  biotite  is  that  the  argon  is 
very  likely  of  metasomatic  origin  because 
(1)  a  local  origin  of  the  argon  would  re- 
quire that  little  or  no  argon  was  lost  from 
the  whole  rock  during  metamorphic  re- 
crystallization  and  that  the  biotite  acted 
as  a  nearly  quantitative  sink  for  all 
argon  liberated  from  other  minerals;  (2) 
the  few  other  known  occurrences  of  excess 
argon  in  biotite  are  located  in  the 
marginal  zones  of  extensive  regional 
metamorphic  terranes  in  which  the  known 
stratigraphic  ages,  whole-rock  Rb-Sr 
ages,  or  zircon  U-Pb  ages  are  much  higher 
than  the  K-Ar  ages.   Point  1  contradicts 
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all  experience  with  the  behavior  of  argon 
in  rocks,  which  shows  that  argon  will 
escape  easily  from  the  rock  once  it  has 
been  liberated  from  the  minerals  of  that 
rock;  point  2  provides  a  suitable  source 
for  the  excess  argon.  If  the  excess  argon 
is  indeed  derived  metasomatically,  a 
further  implication  is  that  this  generally 
precludes  a  long  duration  of  the  meta- 
morphic  heating,  because  the  biotite  must 
be  heated  to  accept  the  argon  and  then 
cooled  sufficiently  to  retain  it  before  the 
supply  of  liberated  argon  is  exhausted. 

It  is  concluded  that  either  the  thermal 
event  was  quite  short  lived  or  the  em- 
placement of  Idaho  batholith  introduced 
metasomatic  argon  at  a  time  when  the 
biotites  were  being  cooled  through  the 
critical  temperature  range  (from  open  to 
closed  system).  More  analyses  are 
planned  to  determine  the  amount,  re- 
gional extent,  and  source  of  the  excess 
argon. 

Whole-rock  Rb-Sr  data  are  shown  in 
Fig.  64.  It  is  apparent  that  the  regional 
metamorphism  caused  disturbance  but  no 
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Fig.  64.  Whole-rock  Rb-Sr  data  for  pelitic 
schists  from  Snow  Peak  area,  Idaho.  The  lines 
labeled  1490  and  680  m.y.  are  envelopes  to  the 
data  and  are  shown  for  reference  only.  Sample 
A-23  is  a  residue  from  the  biotite  separation. 


regional  homogenization  of  Sr  isotopes. 
The  results  show  that  complete  regional 
resetting  of  Rb-Sr  isochrons  did  not  occur 
even  though  these  relatively  "wet"  pelitic 
sediments  might  be  expected  to  be  reset 
more  easily  than  most  other  rock  types. 
Further  Rb-Sr  work  will  concentrate  on 
local  isotopic  homogenization  and  its  de- 
pendence on  metamorphic  grade. 

The  timing  of  the  metamorphism  is  not 
uniquely  determined  by  these  data.  The 
last  pulse  of  metamorphic  heating  prob- 
ably occurred  about  45  m.y.  ago,  and  the 
data  are  consistent  with,  but  do  not 
prove,  the  interpretation  that  this  event 
established  the  dominant  metamorphic 
mineral  assemblages.  Further  mineral 
dating  on  the  lower  grade  rocks,  whole- 
rock  Rb-Sr  determinations  on  a  small 
scale,  and  zircon  dating  should  eventually 
reveal  the  complete  metamorphic  history. 

Age  Measurements  on  Size  Fractions 
of  Two  Pennsylvanian  Underclays 

A.  Hofmann 

New  Rb-Sr  measurements  compared 
with  previous  K-Ar  data  on  Pennsyl- 
vanian underclays  from  eastern  Ohio 
have  yielded  nearly  concordant  ages 
ranging  from  the  approximate  age  of  de- 
position for  the  finest  size  fractions  (Rb- 
Sr,  340  m.y.;  K-Ar,  320  m.y.)  to  much 
higher,  "inherited"  ages  for  the  coarsest 
fractions  (Rb-Sr,  500  m.y.;  K-Ar,  450 
m.y.) .  These  measurements  were  made  in 
the  hope  that  they  would  contribute  to 
the  understanding  of  the  detrital  and  dia- 
genetic  history  of  argillaceous  sediments 
and  to  the  interpretation  of  Rb-Sr  iso- 
chrons for  such  rocks.  There  are  now  a 
number  of  such  isochrons  in  the  literature 
with  the  implication  that  the  Sr  in  the 
sediment  was  homogenized  isotopically 
through  internal  exchange  or  exchange 
with  sea  water.  Dasch  (1969),  on  the  other 
hand,  has  shown  that  even  the  finest  size 
fractions  of  recent  deep-sea  sediments  are 
not  isotopically  equilibrated  with  sea 
water.    Furthermore,  Hurley   (1966),  in 
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reviewing  earlier  K-Ar  work  on  sedi- 
ments, showed  that  detrital  ages  (i.e., 
ages  in  excess  of  the  age  of  deposition) 
are  common  in  argillaceous  sediments. 

Hofmann  and  Giletti  (1965)  deter- 
mined K-Ar  ages  of  several  size  fractions 
for  two  underclay  samples  from  the 
Pennsylvanian  Allegheny  formation  in 
eastern  Ohio.  These  clays,  overlain  by 
bituminous  coal  of  about  50  and  58% 
fixed  carbon  content,  respectively,  had 
K-Ar  ages  that  showed  no  relation  to  the 
difference  in  diagenetic  conditions  re- 
flected by  the  different  degrees  of  coal 
"metamorphism."  Rather,  the  ages  in- 
creased approximately  linearly  with  the 
logarithm  of  the  apparent  grain  size  as 
determined  by  the  settling  velocity. 
Model  diffusion  calculations  showed  that 
such  an  age-versus-size  relationship  is  not 
produced  by  simple  diffusion  processes, 
which  instead  yield  steep,  S-shaped 
curves.  It  was  concluded  that  the  age 
pattern  was  the  result  of  mixing  a  detrital 
component  (predominantly  coarse- 
grained 2Mi  illite)  with  an  authigenic 
component  (predominantly  fine-grained 
lMd  illite). 

Rb-Sr  results  for  size  fractions^of  these 
same  samples  are  shown  in  Fig.  65.  It  is 
obvious  that  no  isotopic  homogenization 
of  Sr  has  taken  place,  so  that  no  internal 
isochron  has  formed.  If  an  arbitrary, 
though  reasonable,  initial  Sr87/Sr86  ratio 
of  0.710  is  assumed,  a  fairly  regular  age 
pattern  appears,  which  is  somewhat  dis- 
placed from,  but  otherwise  similar  to,  the 
K-Ar  pattern  (Fig.  66).  The  argument 
against  diffusion  as  the  age-controlling 
mechanism  is  the  same  as  in  the  case  of 
argon:  Since  the  diffusivity  varies  with 
the  square  of  the  grain  size,  the  finest 
fractions  should  approach  zero  age  if  the 
intermediate  fractions  showed  any  meas- 
urable diffusion  losses.  The  most  plausi- 
ble explanation  for  the  Rb-Sr  and  the 
K-Ar  ages  is  that  even  the  finest  fractions 
retained  their  age  of  crystallization  (or 
reconstitution)  and  that  the  discordances 
between  their  two  apparent  ages  are  due 
to  errors  in  the  initial  Sr  isotopic  com- 
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Fig.  65.  Rb-Sr  data  for  separated  size  frac- 
tions of  two  underclay  samples  P  19-3 A  (rank  of 
associated  coal  =  50%)  and  P  19-6A  (rank  of 
associated  coal  =  58%).  The  average  apparent 
grain  diameter  is  given  in  micrometers.  The  two 
reference  isochrons  (X  =  1.39  X  10"n  yr"1)  indi- 
cate the  extreme  ages  for  a  common  initial 
Sr87/gr86  =  0710< 


position  and  uncertainties  in  the  decay 
constants. 

Dasch  (1969)  has  also  given  Rb-Sr 
data  on  different  size  fractions  of  the 
insoluble  residue  of  the  Ordovician  Low- 
ville  limestone.  On  the  conventional  iso- 
chron plot  these  data  scatter  around  an 
"isochron"  age  of  300  m.y.  that  has  no 
geological  meaning  since,  as  Dasch 
pointed  out,  the  detritus  as  a  whole 
did  not  equilibrate  with  the  stron- 
tium of  the  surrounding  marine  carbon- 
ate. If  Dasch 's  data  are  subjected  to  the 
same  treatment  as  the  Pennsylvanian 
clay  data,  a  very  similar  age  pattern  is 
obtained  (Fig.  67) .  The  age  of  the  coars- 
est fractions  is  in  rough  agreement  with 
mica  ages  from  the  Adirondack^,  the  most 
likely  source  of  the  detritus,  whereas  the 
finest  fraction  (=  less  than  2  ^m,  arbi- 
trarily plotted  on  Fig.  67  as  having  a 
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Fig.  66.  Rb-Sr  and  K-Ar  ages  versus  average  apparent  grain  diameter  for  samples  P  19-3A  and 
P  19-6A.  Initial  Sr87/Sr86  ==  0.710. 
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Fig.  67.  Rb-Sr  ages  as  a  function  of  average  grain  diameter  for  insoluble  residue  of  the  Ordovi- 
cian  Lowville  limestone,  northeastern  New  York.  The  ages  were  calculated  for  two  assumed  initial 
Sr'VSr86  ratios  from  analytical  data  of  Dasch  (1969). 
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1-fxm  average  grain  diameter)  gives  the 
approximate  age  of  deposition.  Unfor- 
tunately, Dasch  gives  no  information  on 
the  structural  state  of  the  illites,  so  that 
one  cannot  be  certain  that  the  finest  frac- 
tion contains  the  lMd  modification. 

It  is  tentatively  concluded  that, 
whereas  the  coarsest  fractions  may  still 
reflect  the  age  of  the  sediment  source,  the 
finest  size  fractions  will  equilibrate  with 
their  environment  of  interstitial  fluids  in 
at  least  some  diagenetic  processes.  Fur- 
ther work  is  needed  to  determine  whether 
all  such  equilibrated  fractions  consist  pri- 
marily of  lMd  illite  or  whether  the  finest 
fractions  may  equilibrate  regardless  of 
their  structural  state.  The  first  alterna- 
tive is  supported  by  the  remarkably  good 
isochron  fit  of  both  glauconites  and 
whole-rock  samples  of  Beltian  argillites 
(Obradovich  and  Peterman,  1968)  and 
the  fact  that  the  illites  in  these  rocks  are 
apparently  entirely  of  the  lMd  variety. 
In  any  case,  it  appears  likely  that  even 
those  sediments  with  a  very  strong  de- 
trital  memory  contain  a  fraction  whose 
age  is  closely  related  to  diagenetic  proc- 
esses and  that  this  diagenetic  fraction 
may  be  separated  with  the  use  Of  criteria 
of  illite  polytype  and  clay-size  analyses. 

U-Pb  Studies  in  the  Salinian  Block 
of  California 

J.  M.  Mattinson,  T.  E.  Davis* 
and  C.  A.  Hopson  t 

The  Salinian  Block  is  an  elongate  seg- 
ment of  the  California  Coast  Ranges  and 
is  underlain  by  a  basement  complex  of 
granitic  and  high-grade  metamorphic 
rocks  (Compton,  1966).  The  block  is 
bounded  on  the  northeast  by  the  San 
Andreas  fault  and  on  the  southwest  by 
the  Sur-Nacimiento  fault  system  (Fig. 
68).  Along  both  margins  the  Salinian 
Block  is  juxtaposed  with  rocks  of  the 
Franciscan   terrane,    a    complex    eugeo- 

*  Geology  Department,  California  State  Col- 
lege, Los  Angeles. 

t  Department  of  Geological  Sciences,  Univer- 
sity of  California,  Santa  Barbara. 
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Fig.  68.  Map  of  California  showing  the 
Salinian  Block  in  relation  to  the  Sierra  Nevada 
and  Franciscan  terrane. 


synclinal  assemblage  in  which  granitic 
rocks  are  absent. 

Compton  (1966)  summarized  age  de- 
terminations (chiefly  K-Ar)  for  Salinian 
plutonic  rocks.  These  results  indicate 
Middle  to  Late  Cretaceous  ages  for  the 
plutons.  Compton  pointed  out  that,  on 
stratigraphic  grounds,  some  of  the  ages 
determined  must  be  younger  than  the 
rocks  themselves,  but  he  concluded  that 
the  plutonic  suite  was  probably  not  much 
older  than  Cretaceous. 

On  the  basis  of  the  age  data,  and  on 
petrographic  and  structural  grounds,  the 
crystalline  rocks  of  the  Salinian  Block 
have  been  designated  "Sierran  type  base- 
ment" (for  example,  Hill  and  Dibblee, 
1953).  It  has  been  further  postulated 
that  the  Salinian  Block  lay  along  strike 
with  the  present  Sierra  Nevada  batholith, 
prior  to  right-lateral  displacement  of 
several  hundred  kilometers  along  the  San 
Andreas  fault  (Curtis,  Evernden,  and 
Lipson,  1958;  Hill  and  Dibblee,  1953). 
However,  the  ages  of  some  Salinian  plu- 
tonic rocks,  the  tectonics  of  emplacement 
of  the  Salinian  Block  in  its  present  posi- 
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tion,  and  the  origin  of  "Sierran  type"  A  similar  scheme  was  developed  to 
magmas  are  currently  controversial.  For  analyze  sphene.  A  mixed  U-Pb  tracer 
example,  (1)  recent  whole-rock  Rb-Sr  was  added  to  the  sample  prior  to  diges- 
data  suggest  that  some  of  the  Salinian  tion,  and  the  sample  was  decomposed,  in 
plutonic  rocks  might  be  about  400  m.y.  either  a  Teflon  beaker  or  a  Teflon  bomb, 
old  (T.  E.  Davis,  unpublished  data) ;  (2)  in  a  mixture  of  48%  hydrofluoric  acid  and 
Hsu  (1971)  suggests  that  the  Salinian  concentrated  nitric  acid.  The  sample  was 
Block  (peninsula  or  microcontinent  of  then  evaporated  to  dryness,  and  the 
"Salinia")  first  rifted  away  from,  then  residue  was  dissolved  in  a  few  ml  of  3.12V 
collided  with  western  North  America  dur-  hydrochloric  acid.  The  solution  was  cen- 
ing  the  opening  and  closing  of  an  Early  to  trifuged,  and  the  supernate  loaded  on  an 
Middle  Mesozoic  "Paleo-Franciscan"  anion  exchange  column  identical  with 
sea;  (3)  the  contention  of  Bateman  and  that  used  for  the  zircon  work  (above). 
Eaton  (1967)  that  the  Sierran  magmas  After  the  column  was  rinsed  with  4  ml  of 
were  derived  predominantly  by  anatexis  3.12V  hydrochloric  acid,  the  lead  and 
of  a  thick  prism  of  geosynclinal  sediments  uranium  were  eluted  with  6.2iV  hydro- 
has  been  strongly  challenged,  as  for  ex-  chloric  acid  and  water,  respectively.  Be- 
ample  by  Hamilton  and  Myers  (1967)  cause  of  the  presence  of  iron  in  most 
and  Kistler,  Evernden,  and  Shaw  (1971),  sphene  samples,  additional  purification 
who  argue  instead  that  they  are  predom-  was  necessary.  The  lead  fraction  was 
inantly  of  mantle  origin.  In  contrast,  evaporated,  dissolved  in  1.52V  hydro- 
Hsii  (1971)  suggests  that  the  Salinian  chloric  acid,  and  loaded  on  a  column  pre- 
magmas  were  generated  by  remobiliza-  conditioned  to  1.52V.  Rinsing  with  6  ml  of 
tion  of  older  rocks  following  the  collision  1.52V  and  eluting  the  lead  with  6.22V 
of  "Salinia"  and  western  North  America  hydrochloric  acid  removed  most  of  the 
(see  above) .  iron.  In  some  samples,  a  small  amount  of 
This  controversy  has  prompted  us  to  iron  persisted  at  this  stage.  These  sam- 
begin  more  detailed  isotopic  studies  of  pies  were  simply  passed  through  the  col- 
the  Salinian  Block,  using  not  only  Rb-Sr  umn  at  6.22V.  At  this  normality,  the  iron 
dating  on  whole-rock  samples  and  sepa-  is  strongly  held  on  the  column  while  the 
rated  minerals  but  also  U-Pb  dating  of  lead  passes  through  and  is  collected.  For 
zircon,  sphene,  and  apatite.  This  report  final  purification  of  uranium,  the  anion 
summarizes  the  preliminary  U-Pb  results  column  was  converted  to  the  nitrate  form 
on  a  hornblende-biotite  trondhjemite  with  72V  nitric  acid.  The  uranium  frac- 
from  the  Point  Reyes  area,  northwest  of  tion  from  the  chloride  step  was  evapor- 
San  Francisco,  and  outlines  simplified  ated,  dissolved  in  72V  nitric  acid,  and 
procedures  that  have  been  developed  to  added  to  the  column.  The  column  was 
analyze  small  quantities  of  sphene  and  rinsed  with  4  ml  of  72V  nitric  acid,  eluting 
apatite.  the  iron.    The  uranium  was  then  eluted 

with  water.   Blanks  for  lead  were  about 

Methods  and  Results  15  n§  Per  analysis. 

Apatite  samples  were  total  spiked  and 

Zircon  fractions  of  varying  grain  size  dissolved  in  concentrated  nitric  acid  (25 

and  magnetic  susceptibility  were  analyzed  ml  for  a  1-g  sample) .  Lead  was  coprecip- 

by  digestion  in  a  Teflon  bomb  with  hy-  itated  from  the  solution  by  adding  1  ml 

drofmoric  acid,  followed  by  isolation  of  of    saturated    barium    nitrate    solution 

uranium  and  lead  by  anion  exchange  in  (Tatsumoto,  1966) .  The  resulting  precip- 

Teflon   columns   of   2   ml    resin   volume  itate  was  centrifuged  off  and  dissolved  in 

(Krogh,  Year  Book  69  and  Year  Book  a  few  ml  of  1.52V  hydrochloric  acid.  One 

70) .    Blank  determinations  for  Pb  were  stage  of  separation  on  the  2-ml  anion  col- 

about  4  ng  per  analysis.  umn  (identical  with  the  1.52V  step  in  the 
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Fig.  69.   Uranium-lead  mineral  isochron  for  a  hornblende-biotite  trondhjemite  from  the  Point 
Reyes  area,  California. 


sphene  procedure)  yielded  lead  samples 
of  sufficient  purity  for  good  mass  spec- 
trometer runs.  The  supernate  was  diluted 
to  IN  nitric  acid  with  water,  and  uranium 
was  separated  on  a  15-ml  anion  column 
(nitrate  form).  The  sample  was  further 
purified  on  a  2-ml  anion  colurrin  (nitrate 


form)  (Tatsumoto,  1966).  Blank  deter- 
minations for  Pb  were  about  10-15  ng  per 
analysis. 

The  results  of  the  analytical  work  are 
presented  graphically  in  Figs.  69  and  70. 
Figure  69  is  a  U-Pb  isochron  diagram  for 
feldspar,  apatite,   and  two  fractions  of 
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Fig.  70.  Concordia  diagram,  Point  Reyes  hornblende-biotite  trondhjemite.  See  text  for  explana- 
tion. 
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sphene.  A  61-m.y.  isochron  best  fits  the 
data.  The  isotopic  composition  of  lead 
from  the  feldspar  (Pb206/Pb204  —  19.44) 
was  used  to  correct  for  common  lead,  and 
the  individual  Pb206/U238  ages  of  the 
apatite,  least  magnetic,  and  most  mag- 
netic sphenes  are  61,  65,  and  58  m.y., 
respectively. 

Figure  70  is  a  concordia  diagram  of  the 
zircon  data.  The  apatite  and  sphene  ages 
have  been  plotted  as  if  they  were  con- 
cordant (though  they  are  only  Pb206/ 
U238  ages).  All  the  zircon  fractions  give 
ages  that  are  clearly  discordant.  The 
Pb206/U238  ages  are  between  90  and  100 
m.y.,  and  the  Pb207/Pb206  ages  range 
from  153  ±  10  to  233  ±  10  m.y.  The 
zircon  data  points  do  not  fall  on  a  single 
line  on  the  concordia  diagram  (Fig.  70). 
Instead,  all  the  fractions  analyzed  to  date 
fall  in  an  area  bounded  by  61-250  and 
61-470  m.y.  chords  (see  interpretation 
below) .  Of  course  this  picture  may  be 
modified  as  additional  points  are  added. 

Discussion 

The  zircon,  sphene,  and  apatite  data 
are  suggestive  of  a  complicated  geologic 
history  for  this  Salinian  Block  pluton. 
The  sphene  and  apatite  evidently  recrys- 
tallized  or  lost  all  their  radiogenic  lead 
during  an  event  about  61  m.y.  ago  (latest 
Cretaceous).  If  we  assume  that  the  dis- 
cordance of  the  zircon  ages  is  the  result 


of  episodic  lead  loss  during  the  same 
event,  then  Paleozoic  concordia  intercept 
ages  are  indicated  (250-470  m.y.,  Fig. 
70) .  If  this  model  is  correct,  it  would  ap- 
pear that  as  much  as  90%  of  the  lead  was 
lost  from  the  zircons  during  the  61-m.y. 
event. 

The  spread  of  the  zircon  intercept  ages 
(250-470  m.y.)  suggests  that  the  zircons 
may  also  have  been  disturbed  by  an 
earlier  event,  prior  to  61  m.y.  Alterna- 
tively, the  rock  may  have  contained  a 
heterogeneous  -population  of  zircons:  a 
component  greater  than  470  m.y.  old  and 
a  component  less  than  250  m.y.  old. 

A  critical  question  concerns  the  nature 
of  the  61-m.y.  event  that  is  reflected  in 
the  sphene  and  apatite  ages  and  that  ap- 
parently reset  the  zircons.  This  event 
must  have  been  intense  to  so  strongly 
affect  these  minerals,  yet  the  rock  shows 
no  evidence  of  postmagmatic  recrystalli- 
zation  or  alteration.  This  observation 
leads  to  the  tentative  conclusion  that  the 
latest  Cretaceous  age  may  represent  the 
time  of  magmatic  crystallization  of  this 
particular  body.  The  older  zircons  might 
then  represent  material  incorporated  by 
assimilation  of  wall  rocks  or  inherited 
from  anatexis  of  sialic  crustal  rocks  in  the 
source  region  of  the  magma.  In  either 
case,  preexisting  crustal  rocks  of  Paleo- 
zoic age  must  have  been  involved  in  the 
origin  of  this  Salinian  pluton. 


BIOGEOCHEMISTRY 


The  Conversion  of  Polar  Organic 

Molecules  in  Rock  Extracts 

to  Saturated  Hydrocarbons 

T.  C.  Hoering 

A  number  of  organic  molecules  iso- 
lated from  sedimentary  rocks  have  struc- 
tures that  can  be  related  to  components 
of  living  cells.  Such  molecules  have  been 
called  "biological  markers. "  Two  major 
pathways  of  biosynthesis  produce  prefer- 
entially linear  arrays  of  carbon  atoms, 
normal  carbon  skeletons,  and  specifically 


branched  units  of  five  carbon  atoms, 
isoprenoid  carbon  skeletons.  The  normal 
and  isoprenoid  hydrocarbons  isolated 
from  rocks  of  all  ages  demonstrate  the 
antiquity  of  these  pathways.  Most 
searches  for  biological  markers  have 
focused  on  saturated  hydrocarbons  be- 
cause of  their  stability  and  the  ease 
with  which  they  may  be  isolated  and 
identified.  Often  a  great  deal  of  potential 
information  is  not  used.  At  the  same 
time  that  saturated  hydrocarbons  are 
isolated    from    a   rock,   nonhydrocarbon 
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molecules    are   extracted.     Biological  solvent  extract  of  the  Green  River  shale 

marker  molecules,  such  as  fatty  acids,  collected  from  the  Mahogany  zone  of  the 

fatty  alcohols,  and  steroids,  have  been  Parachute  Creek  member.    The  organic 

identified  in  this  "polar"  fraction.  How-  matter  from  rocks  in  this  stratigraphic 

ever,  the  amount  of  any  particular  class  horizon  has  been  studied  in  some  detail, 

of  compound  is  often  rather  small,  and  The  rock  was  finely  ball-milled  and  ex- 

the  mixtures  are  very  complex  and  diffi-  tracted  by  standard  techniques   (Eglin- 

cult  to  analyze.  ton  and  Murphy,  1969) .  The  extract  was 

This  report  describes  the  application  fractionated  by  silica-gel  chromatogra- 
of  a  simple,  mild  method  for  converting  phy.  Preexisting  saturated  and  aromatic 
a  portion  of  the  polar  compounds  in  a  hydrocarbons  were  eluted  by  hexane  and 
rock  extract  to  saturated  hydrocarbons  benzene,  respectively.  The  remaining 
that  can  be  readily  separated,  identified,  polar  molecules  were  stripped  from  the 
and  compared  with  preexisting  hydro-  column  by  methanol.  The  methanol 
carbons.  The  method  has  three  steps,  eluate  was  refluxed  overnight  with  con- 
First,  all  functional  groups  are  reduced  stant  boiling  hydrogen  iodide  and  red 
to  alcohols  with  lithium  aluminum  hy-  phosphorous.  This  initial  treatment  ren- 
dride.  Second,  all  hydroxyl  groups  are  dered  the  extract  less  tarry  and  more 
replaced  with  iodide  by  reaction  with  soluble  in  diethyl  ether.  The  iodinated 
hydrogen  iodide.  Third,  iodide  groups  intermediate  was  reacted  with  lithium 
are  reduced  to  alkanes  with  lithium  aluminum  hydride  or  lithium  aluminum 
aluminum  hydride.  A  typical  reaction  deuteride  in  diethyl  ether.  A  much 
sequence,  starting  with  an  organic  acid,  lighter-colored  oil  resulted.  The  iodina- 
is  as  follows:  tion  and  the  reduction  steps  were  then 

repeated.    The  resulting  tan-colored  oil 

L1AIH4  Ml  was  fractionated   by   silica-gel   chroma- 

RCOOH ->RCH2OH — >  tography  as  before. 

TjAiTT  Figure  71  shows  a  high-resolution  gas 
RCHoI ->RCH  chromatogram  of  the  hydrocarbons  pro- 
duced by  the  reduction  of  polar  corn- 
Reports  in  the  literature  indicate  that  pounds  in  the  Green  River  shale.  Figure 
most  carbon  skeletons  are  not  rearranged  72  shows  a  chromatogram  of  the  pre- 
by  these  reactions.  Cope  et  al.  (1962)  existing  hydrocarbons  in  the  same  rock, 
applied  this  procedure  in  a  structural  Some  pertinent  experimental  details 
study  of  fungichromin,  an  antifungal,  are  as  follows.  Experiments  in  which  50 
macrolide  antibiotic.  The  molecule  con-  ml  of  hydrogen  iodide,  5  g  of  lithium 
tains  ten  hydroxyl  groups  and  a  lactone  aluminum  hydride,  and  50  ml  of  ether 
ring.  A  13%  yield  of  7,21  dimethyl  were  used  in  the  individual  steps  yielded 
tritriacontane,  representing  the  carbon  a  blank  of  less  than  1  mg  of  hydro- 
skeleton  of  fungichromin,  was  obtained,  carbons.  Thus  a  micro  method  for  milli- 

Information  on  the  types  of  functional  gram  quantities  of  rock  extracts  seems 

groups  present  is  lost  during  the  reduc-  feasible.  A  milder  method  for  converting 

tion  by  lithium  aluminum  hydride.  How-  alcohols  to  hydrocarbons  is  the  reduction 

ever,  if  lithium  aluminum  deuteride  is  of  their  p-toluene   sulfonic   acid   esters, 

used,  the  amount  and  position  of  deuteri-  Seifert  et  al.   (1969)  used  this  route  for 

um  labeling  in  the  hydrocarbon  gives  an  the   reduction   of  petroleum  naphthenic 

indication  of  the  functional  groups.  This  acids    to    saturated    hydrocarbons.    The 

measurement   can   be  made   readily   by  sequence   of  reactions  was    (1)    LiAlH4 

mass  spectrometry.  reduction,    (2)    p-toluene    sulfonic    acid 

The   procedure   was   developed   on    a  ester  formation,    (3)    LiAlH4  reduction; 
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and  a  variation  in  which  methane  sul- 
fonic acid  esters  were  used  was  applied 
to  the  methanol  eluate  of  the  Green 
River  shale  extract.  The  distribution  of 
saturated  hydrocarbons  was  virtually 
identical  with  that  from  the  iodination 
procedure,  but  the  total  yield  was  lower. 
Sulfonic  acid  esters  of  rock  extracts 
formed  emulsions  with  ether-water  mix- 
tures that  were  difficult  to  break.  The 
similarity  of  the  s  results  by  the  three 
methods  indicates  that  rearrangement  of 
carbon  skeletons  is  not  important.  A  few 
micrograms  of  C14-labeled  palmitic  acid 
was  added  to  the  methanol  eluate,  and 
the  reduction  was  carried  out.  The  re- 
sulting hydrocarbons  contained  68%  of 
the  added  radioactivity,  which  is  a  satis- 
factory yield  for  a  four-step  procedure 
involving  tarry  materials.  Reworking 
the  nonhydrocarbon  fraction  of  the  re- 
duced polar  compounds  resulted  in  only 
2%  more  hydrocarbons,  indicating  that 
the  reactions  have  gone  almost  to  com- 
pletion and  that  the  losses  are  due 
mainly  to  difficulties  in  manipulating 
tarry  substances.  No  olefinic  hydro- 
carbons were  produced  in  the  reduction. 
Dehydrohalogenation  of  tertiary  iodides 
can  occur  during  lithium  aluminum  hy- 
dride reduction,  but  such  reactions  do 
not  seem  to  be  important  in  this  system. 
The  extraction  of  1  kg  of  the  shale,  con- 
taining 380  g  of  organic  matter,  yielded 
1.0  g  of  preexisting  hydrocarbons  and 
10.0  g  of  methanol  eluate.  Reduction  of 
the  methanol  eluate  produced  2.2  g  of 
hydrocarbons.  Saturated  hydrocarbons 
with  less  than  12  carbon  atoms  are  too 
volatile  to  be  retained  in  the  reduction. 

The  complex  mixtures  of  hydrocarbons 
forming  the  gas  chromatograms  of  Figs. 
71  and  72  were  separated  into  structural 
classes  by  urea  and  thiourea  adductina- 
tion  and  by  gel  permeation  chromatogra- 
phy. The  major  components  of  each 
fraction  were  isolated  by  preparative  gas 
chromatography  on  a  polar  substrate  and 
rechromatographed  into  the  mass  spec- 
trometer through  a  nonpolar  column.  The 


mass  spectra  of  pure  individual  species 
made  exact  identification  possible. 

A  number  of  significant  geochemical 
results  may  be  noted  in  Figs.  71  and  72. 
The  distribution  of  carbon  skeletons  in 
the  two  fractions  is  completely  different. 
The  preexisting  hydrocarbons  contain  21 
wt  %  normal  hydrocarbons  with  an 
excess  of  molecules  having  an  odd  num- 
ber of  carbon  atoms.  The  reduced  hydro- 
carbons contain  37%  normal  hydrocar- 
bons with  an  excess  of  molecules  having 
an  even  number  of  carbon  atoms.  A 
mixture  of  the  two  fractions  would  pro- 
duce a  smooth  distribution  of  carbon 
numbers  similar  to  that  found  in  mature 
petroleums  and  older  rocks.  The  dis- 
tribution of  carbon  numbers  in  the  re- 
duced, normal  alkanes  is  similar  to  that 
found  in  the  fatty  acids  isolated  from  the 
same  rock,  but  the  amount  of  hydro- 
carbons is  several  times  greater  than  the 
amount  of  preexisting  fatty  acids,  fatty 
alcohols,  and  dicarboxylic  acids.  Uniden- 
tified compounds  with  normal  carbon 
skeletons  are  present  in  the  polar  extract. 

There  are  interesting  differences  in  the 
suites  of  isoprenoid  hydrocarbons  in  the 
two  fractions.  The  most  striking  is  the 
presence  of  molecules  with  17,  21,  22,  23, 
and  24  carbon  atoms  in  the  reduced  frac- 
tion. These  compounds  are  missing  in 
the  preexisting  hydrocarbons.  The  re- 
duced hydrocarbons  show  a  higher  pro- 
portion of  C-15  and  C-19  isoprenoids 
than  the  preexisting  hydrocarbons. 

The  four-ringed  sterane  hydrocarbons 
5a  cholestane,  5«  ergostane,  and  5«  sito- 
stane  are  relatively  abundant  in  the  pre- 
existing hydrocarbons  but  are  missing  in 
the  reduced  fraction.  It  is  well  known 
that  the  saturation  of  the  ring  structure 
and  the  removal  of  oxygenated  func- 
tional groups  from  sterols  are  difficult. 
The  present  method  may  not  be  ade- 
quate for  the  production  of  steranes  from 
sterols  or  their  transformation  products. 
Both  fractions  contain  significant 
amounts  of  five-ring  triterpanes.  The 
exact  identification  of  these  molecules  is 
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limited  by  the  lack  of  pure,  synthetic 
compounds  for  calibration  of  the  gas 
chromatograph  and  the  mass  spectrom- 
eter. Molecules  with  five-ring  carbon 
skeletons  have  not  yet  been  reported  in 
the  polar  fractions  of  rock  extracts. 

The  results  of  reducing  polar  mole- 
cules from  the  Green  River  shale  with 
lithium  aluminum  deuteride  are  striking. 
The  resulting  hydrocarbons  are  all  ex- 
tensively deuterated.  Table  33,  showing 
the  distribution  of  deuterated  species  in 
n-docosane  and  n-tricosane,  reveals  a 
number  of  facts.  All  the  molecules  contain 
deuterium;  therefore  the  initial  separa- 
tion of  preexisting  hydrocarbons  was 
complete,  and  all  the  molecules  have  arisen 
by  reduction  of  a  precursor.  A  considera- 
tion of  the  mechanism  of  lithium  alumi- 
num deuteride  reduction  and  of  the  types 
of  compounds  likely  to  be  present  in  the 
Green  River  shale  leads  to  the  interpre- 
tation that  molecules  with  three  deuteri- 
um atoms  are  derived  from  fatty  acids 
and  those  with  four  deuterium  atoms 
could  have  been  derived  from  hydroxy- 
substituted  fatty  acids.  Dicarboxylic 
acids  could  produce  hydr6carbons  with 
six  deuterium  atoms,  but  such  acids  do 
not  seem  to  be  as  abundant  as  these 
experiments  indicate.  Reduction  of  fatty 
alcohols  would  yield  hydrocarbons  with 
one  deuterium  atom,  but  previous  work 
in  this  laboratory  has  shown  that  fatty 


TABLE  33.  Relative  Abundance  of  Deuterated 
Species  of  n-Docosane  and  n-Tricosane  Pro- 
duced by  LiAlD4   Reduction  of  Polar 
Molecules  in  the  Green  River  Shale. 


n-Docosane 

n-Tricosane 

For- 

Relative 

For- 

Relative 

mula 

Abundance     mula 

Abundance 

(^22-tl46 

0 

L/22U48 

0 

C22H45D 

2 

C^23XX47-L) 

4 

U22.U44-D2 

3 

O23XI46-U2 

2 

V^22Xl43-L'3 

100 

U23II45-D3 

100 

O22XX42-U4 

12 

l^23-H.44-U4 

16 

C22H41D5 

3 

O23H43.D5 

2 

l^22-H.40-L'6 

25 

(^23-H.42.1-'6 

27 

O22Xl30-L'7 

0 

O23-H41JJ7 

0 

alcohols  are  very  scarce  in  this  rock.  The 
deuteration  experiments  are  in  agree- 
ment. Living  organisms  produce  pri- 
marily fatty  acids  with  an  even  number 
of  carbon  atoms,  but  ancient  sedimen- 
tary rocks  contain  equal  amounts  of 
fatty  acids  with  odd  and  even  numbers 
of  carbon  atoms.  The  similarity  of  deu- 
terium labeling  between  n-docosane  and 
n-tricosane  shown  in  Table  33  is  an  addi- 
tional indication  of  how  the  initial  even- 
carbon  predominance  is  swamped  by 
subsequent  diagenetic  transformations. 
It  would  appear  that  the  precursors  to 
these  hydrocarbons  have  all  been 
through  a  common  set  of  chemical 
changes. 

The  isoprenoid  hydrocarbons  produced 
by  lithium  aluminum  deuteride  reduction 
are  exclusively  substituted  with  three 
deuterium  atoms.  A  number  of  isopre- 
noid fatty  acids  have  been  isolated  from 
this  rock.  The  mass  spectra  and  infrared 
spectra  of  individual  normal  and  isopre- 
noid hydrocarbons  indicate  that  most  of 
the  deuterium  substitution  resides  in 
methyl  groups. 

The  results  described  here  on  the 
Green  River  shale  seem  to  be  fully  con- 
sistent with  what  is  known  about  the 
organic  matter  in  it.  The  procedure  has 
been  applied  to  extracts  of  several  Re- 
cent sediments,  a  terrestrial  soil,  and  an 
ancient  petroleum.  In  each  case,  the 
number  of  biological  marker  molecules 
has  been  significantly  increased.  The  use 
of  lithium  aluminum  deuteride  permits 
the  determination  of  certain  classes  of 
organic  molecules  in  rocks  with  a  sim- 
plicity and  precision  not  available  by 
existing  methods. 

Effect  of  Hydrolysis  on  the 

Racemization  Rate  of 

Amino  Acids 

P.  E.  Hare 

Hare  and  Mitterer  {Year  Book  67,  p. 
205)  have  shown  that  the  breakdown  and 
racemization  of  the  amino  acids  in  shells 
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of  Mercenaria  during  fossilization  could 
be  simulated  by  heating  fragments  of  the 
recent  shell  material  in  the  presence  of 
water  (see  also  Hare,  1969).  It  was 
shown  that  the  rates  of  breakdown  and 
racemization  are  not  the  same  in  the 
peptide-bound  amino  acids  in  shell  ma- 
terials as  compared  with  the  same  free 
amino  acids  in  aqueous  solution  at  a 
similar  pH. 

In  this  report  it  is  shown  that  during 
the  hydrolysis  of  peptide-bound  amino 
acids  in  a  neutral  or  alkaline  environment 
there  is  an  enhanced  rate  of  breakdown 
and  racemization  of  many  amino  acids. 
The  free  amino  acids  in  aqueous  solution 
under  identical  conditions  of  pH  and 
temperature  have  much  slower  rates  of 
racemization  as  well  as  of  decomposition. 

Proteinaceous  organic  material  was 
isolated  from  shells  of  Mercenaria.  It 
was  hydrolyzed  in  both  6N  HC1  and  62V 
NaOH  at  110°C  for  22  hours.  Aliquots 
of  a  standard  mixture  of  free  amino  acids 
were  similarly  reacted  in  62V  HC1  and 
62V  NaOH  at  110°C  for  22  hours.  The 
determination  of  the  d  and  l  isomers  of 
the  amino  acids  was  made  using  the 
enzymes  L-amino  acid  oxidase  and 
D-amino  acid  oxidase  as  described  in 
Year  Book  66  (p.  526) .  The  results  are 
summarized  in  Table  34.  In  62V  HC1  in- 
significant amounts  of  D-amino  acids  are 
formed  from  either  the  protein  or  the  free 
amino  acids  during  the  22-hour  exposure 

TABLE  34.    Effect  of  Alkaline  Hydrolysis  in 
Racemization  of  Amino  Acids  in  6iV  NaOH 


Amino  Acid 

D-Alloisoleucine 
L-Isoleucine 


Shell  Protein 
1.27 


Free  Amino 
Acid 

0.02 


%  D-Amino  Acid 


Alanine 

Valine 

Methionine 

Leucine 

Tyrosine 

Phenylalanine 


47 
51 
37 
46 

48 
37 


23 

3 

20 

7 

8 

15 


at  110°C.  In  62V  NaOH,  however,  an  in- 
teresting and  significant  difference  be- 
tween the  peptide-bound  amino  acids 
and  the  free  amino  acid  mixture  is 
observed. 

In  62V  NaOH  only  about  2%  of  the 
L-isoleucine,  as  the  free  amino  acid,  race- 
mized  to  D-alloisoleucine.  In  marked 
contrast,  virtually  all  of  the  L-isoleucine 
in  the  peptide-bound  form  is  racemized 
to  an  equilibrium  mixture  of  D-allo- 
isoleucine and  L-isoleucine.  Other  amino 
acids  show  a  similar  behavior.  Ap- 
parently at  the  time  an  amino  acid  is 
liberated  from  a  peptide  bond  in  an 
alkaline  environment  it  is  in  an  activated 
state  that  enhances  the  racemization 
reaction. 

Hydrolysis  of  peptide-bound  amino 
acids  in  neutral  solutions  simulates  the 
conditions  for  geochemical  changes  more 
closely  than  free  amino  acids.  A  com- 
parison of  free  amino  acids  incubated  at 
pH  8  in  aqueous  solution  with  shell  ma- 
terial reacted  at  the  same  temperatures 
shows  that  the  free  amino  acid  in 
aqueous  solution  racemizes  much  more 
slowly  than  its  peptide-bound  counter- 
part under  the  same  conditions.  In  Fig. 
73  the  results  on  free  L-isoleucine  heated 
in  aqueous  solution  at  pH  8.2  are  com- 
pared with  those  on  intact  shell  material 
heated  in  the  presence  of  water.  The  rate 
of  racemization  of  peptide-bound  isoleu- 
cine  is  nearly  double  that  of  the  free 
amino  acids  at  140°C. 

To  determine  whether  chemical  reac- 
tion with  glucose  affected  rates  of  racemi- 
zation, solutions  of  L-isoleucine  and 
glucose  were  also  incubated  at  140°C 
and  pH  8.2.  Isoleucine  and  glu- 
cose react  readily  to  form  a  brown  in- 
soluble polymer  similar  in  some  respects 
to  humic  acids.  After  a  period  of  7  days 
of  heating  with  glucose  less  than  20%  of 
the  original  isoleucine  remained,  whereas 
without  the  glucose  over  95%  of  the 
isoleucine  remained.  In  spite  of  the  great 
difference  in  the  amount  of  isoleucine 
reacted,   the   ratio    of    alloisoleucine   to 
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Fig.  73.  Comparison  at  140° C  of  free  L-isoleucine  with  peptide-boimd 
L-isoleucine  in  shell  matrix.  A  plot  of  log  (xe  —  x)/xe  against  time  gives  a 
straight  line  for  opposing  first-order  reactions,  where  xe  is  the  final  equilib- 
rium mole  fraction  of  alloisoleucine  and  x  is  the  mole  fraction  at  any  time. 


isoleucine  was  virtually  identical,  indi- 
cating that  the  chemical  reactivity  with 
glucose  is  the  same  for  alloisoleucine  and 
isoleucine. 

In  the  application  of  laboratory  data 
on  amino  acid  racemization  in  geologic 
materials  it  is  desirable  that  laboratory- 
treatment  simulate  as  closely  as  possible 
the  reactions  occurring  under  natural 
conditions.  The  data  presented  here  in- 
dicate that  if  amino  acids  are  present 
initially  as  peptide-bound  amino  acids, 
racemization  will  proceed  at  accelerated 
rates  as  compared  to  free  amino  acids. 
Bada,  Luyendyk,  and  Maynard   (1970) 


have  applied  the  racemization  rate  of 
free  L-isoleucine  in  aqueous  solution  to 
the  observed  racemization  in  a  deep  sea 
core.  The  data  presented  here,  and  espe- 
cially the  data  from  Year  Book  67  (p. 
205),  indicate  that  the  sedimentation 
rate  determined  from  the  racemization  of 
free  L-isoleucine  is  not  realistic  and  is 
too  slow  by  nearly  an  order  of  magni- 
tude. Determination  of  the  sedimenta- 
tion rate  of  the  same  core  by  application 
of  data  from  peptide-bound  L-isoleucine 
leads  to  sedimentation  rates  in  agree- 
ment with  radioisotope  and  paleontologic 
data  (Wehmiller  and  Hare,  1971). 


METHODOLOGY    AND     INSTRUMENTATION 


a  low-contamination  method  for 

Decomposition  of  Zircon  and 

Extraction  of  U  and  Pb  for  Isotopic 

Age  Determinations 

T.  E.  Krogh 

Despite  their  proved  reliability,  U-Pb 
age  determinations  on  zircons  are  made  in 
relatively   few  geochronological   labora- 


tories. The  difficulties  of  collecting  large 
rock  samples  (up  to  50  kg) ,  crushing 
and  separating  zircons,  and  concentrat- 
ing uranium  and  lead  without  contami- 
nation during  a  complicated  chemical 
procedure  are  probably  responsible.  This 
paper  describes  a  Teflon-bomb  technique 
for  analyzing  zircons  that  considerably 
reduces  these  difficulties.  Many  problems 
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formerly  considered  impossible  to  in- 
vestigate can  now  be  attacked.  For 
example,  samples  less  than  1  m.y.  old  can 
now  be  analyzed  with  a  sample-to-back- 
ground ratio  formerly  achieved  with 
zircons  100  m.y.  old.  Similarly,  because 
very  small  samples  (<  0.001  g)  can  be 
easily  analyzed,  provenance  studies  in 
sediments  in  which  individual  clasts  or 
hand-picked  zircons  are  used  are  now 
much  more  feasible.  Other  investiga- 
tions, including  diffusion  studies  on 
zircons,  age  studies  on  rocks  with  mixed 
zircon  populations,  and  studies  of  zircon 
age  on  small  rock  samples  from  rela- 
tively inaccessible  areas  are  now  less 
difficult. 

High-pressure  decomposition  tech- 
niques, in  which  either  a  sealed  glass 
tube  or  a  stainless  steel  chamber  with  an 
inert  liner  of  Teflon  or  platinum  is  used, 
have  been  developed  by  analytical 
chemists  to  determine  ferrous  iron  and 
silica  as  well  as  to  dissolve  refractory 
materials.  Ito  (1961)  reported  that  zir- 
cons could  be  completely  decomposed 
with  hydrofluoric  acid  in  10  hours  at  a 
temperature  of  240  °C  in  a  Teflon-lined 
vessel.  May  and  Rowe  (1965)  described 
a  platinum-lined  container  in  which 
small  amounts  of  zircon  were  decom- 
posed in  20  hours  at  425  °C  with  hydro- 
fluoric acid.  The  reaction  vessels  used  in 
each  of  these  investigations  were  unsuit- 
able for  use  in  routine  zircon  analysis 
(for  isotopic  dating)  because  the  con- 
tents of  the  Teflon  liner  could  not  be 
isolated  from  the  stainless  steel  confining 
vessel  and  the  platinum  vessel  would 
require  a  higher  initial  cost,  might  not  be 
suitable  for  repeated  sealing,  and  could 
hold  only  1  to  2  ml  of  acid.  The  decom- 
position and  chemical  procedures  de- 
scribed in  this  paper  were  carried  out  in 
an  open  laboratory  without  the  extensive 
clean  facilities  used  for  many  lead  anal- 
yses. Two  laminar  flow  hoods  provided 
a  local  particle-free  environment  for  the 
cleanest  chemistry.  The  low  lead-con- 
tamination  levels    reported   here    result 


primarily  from  the  simplicity  of  the 
chemical  procedures,  the  small  amounts 
of  reagents  required,  and  the  use  of  high- 
purity  reagents,  prepared  by  a  subboil- 
ing  technique  developed  in  this  labora- 
tory and  described  by  Mattinson  (this 
report).  A  detailed  listing  of  material 
and  reagents  and  a  step-by-step  descrip- 
tion of  procedures  are  given  here  to 
simplify  the  utilization  of  this  method 
in  other  laboratories. 

Material  and  Reagents 

Resin.  Dowex  1X8  reagent  grade, 
200-400  mesh  chloride  form. 

Apparatus.  An  ion-exchange  resin  col- 
umn is  made  from  an  8-cm  section  of 
heat-shrinkable  Teflon  tubing*  with  the 
lower  2  cm  shrunk  to  form  a  0.5  cc  resin 
bed.  The  resin  is  held  in  place  by  a 
porous  polyethylene  disk  cut  with  a  cork 
borer  from  a  1/16-inch  thick  hydrophilic 
linear  polyethylene  disk  +  (mean  pore 
size,  45  /mi) .  The  lower  end  of  the  resin 
reservoir  is  reexpanded  to  insert  the  disk 
and  then  reshrunk  to  retain  it.  The  top 
of  the  column  is  cut  on  a  45°  angle  to 
facilitate  loading.  Column  caps  are  made 
by  fusing  one  end  of  a  1-inch  length  of 
super-shrink  tubing*  %  inch  in  diameter. 
Additional  apparatus  includes  30-ml 
TPX  plastic  beakers,  a  regular  labora- 
tory drying  oven,  and  some  provision  for 
evaporating  samples  in  a  particle-free 
environment,  such  as  laminar-flow  clean 
hoods  of  the  type  "100  plus/'*  vented 
into  a  fume  hood. 

The  Teflon  bomb§  includes  a  decom- 
position capsule  machined  from  extruded 
or  molded  Teflon  rod,  an  FEP  Teflon 
sleeve  of  heat-shrinkable  tubing*    (Du- 

*  AWG  size  5,  available  from  Penntube  Plas- 
tics, Holley  St.  and  Madison  Ave.,  Clifton 
Heights,  Pa. 

t  Available  from  Bell  Art  Products,  6  Indus- 
trial Road,  Pequannock,  N.J. 

$  Available  from  Environmental  Air  Control, 
6825  Redmond  Drive,  McLean,  Va. 

§  Machine  drawings  and  the  name  of  a  com- 
mercial source  for  the  complete  bomb  assembly 
are  available  on  request. 
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pont  K-938-B  nominal,  1.5  inches  in  di- 
ameter) ,  which  is  shrunk  onto  the  capsule, 
a  confining  jacket  of  316  stainless  steel, 
and  gaskets  of  0.125-inch  FEP  Teflon 
sheet. 

Reagents.  48%  HF,  Q.2N  HC1,  3.1N 
HC1,  concentrated  HN03,  and  H20. 
Isotopic  tracers  containing  U235  and 
Pb208  are  used  for  isotope  dilution. 

Chemical  Procedure 

Sample  size.  Samples  weighing  less 
than  50  mg  (usually  less  than  20  mg) 
are  analyzed  by  the  following  procedure. 
(Samples  of  up  to  1  g  have  been  analyzed 
by  increasing  the  aliquots,  the  column 
length,  and  the  volumes  of  reagents  by  a 
factor  of  3.) 

Cleaning  bombs  and  beakers.  New 
Teflon  capsules  are  degreased  with  deter- 
gent and  water,  then  washed  in  warm 
aqua  regia.  The  capsules  are  then  loaded 
with  3  ml  of  clean  HF  and  1  drop  of 
HN03,  inserted  into  the  stainless  steel 
jacket  (Fig.  74),  and  heated  in  the  oven 


at  220 °C  overnight  or  longer.  This  clean- 
ing process  is  then  repeated  with  new 
acid.  This  double  overnight  cleaning  is 
also  used  between  samples  after  a  pre- 
liminary quick  rinse  of  the  base  and  cap 
with  HC1.  The  stainless  steel  jacket  is 
cleaned  between  samples  by  soaking  in 
dilute  HNO3,  rinsing,  and  scouring.  New 
TPX  beakers  are  cleaned  several  hours 
in  warm  6N  HC1  and  rinsed  with  ultra- 
clean  HC1  and  water. 

Sample  preparation  and  loading.  Zir- 
con samples  are  cleaned  twice  for  30 
minutes  in  warm  7N  HNO3,  rinsed  twice 
in  warm  ultraclean  H20  in  a  Pyrex 
beaker,  and  dried.  Remaining  impurities 
are  removed  by  hand-picking  under  a 
binocular  microscope,  and  the  sample  is 
weighed  into  a  Teflon  capsule.  Then  2  to 
3  ml  of  high  purity  48%  HF  is  added 
with  a  few  drops  of  concentrated  HN03. 
The  bomb  is  assembled  with  the  lid 
barely  hand-tightened  and  placed  in  the 
oven  at  220 °C  for  1  week.  The  thermal 
expansion   of  the   liner  itself   seals  the 


nch 


FEP    Teflon  sleeve 


-Gasket 
End  plate 


-End  plate 
Gasket 


Confining    Jacket 
(Stainless  steel  ) 


Dissolution  Vessel 
(TFE  Teflon) 


Fig.  74.  The  Teflon  dissolution  vessel  and  the  stainless  steel  confining  jacket  (bomb)  used  for 
the  dissolution  of  zircons. 
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bomb.  Excessive  tightening  only  tends 
to  increase  flowage  of  the  Teflon  and  re- 
duce the  usable  life  of  the  liner. 

Preparation  of  aliquots.  The  bomb  is 
removed  from  the  oven  and  cooled  on  a 
water-cooled  aluminum  block.  After  the 
bomb  reaches  room  temperature  it  is 
opened,  and  the  sample  is  evaporated  to 
dryness  in  a  laminar  flow  of  filtered  air. 
A  tracer  enriched  in  U235  is  weighed  into 
the  entire  dried  fluoride  sample  for  the 
isotope-dilution  analysis  for  uranium, 
and  2  ml  of  3.12V  HC1  is  added.  The 
bomb  is  then  reassembled  and  replaced 
in  the  oven  overnight  to  equilibrate  the 
uranium  tracer,  and  to  dissolve  the 
fluorides  (an  alternative  method  in 
which  sulfates  are  used  is  discussed 
later) .  The  bomb  is  then  cooled,  and  the 
solution  is  aliquoted  by  weight  into  two 
plastic  beakers.  A  tracer  enriched  in 
Pb208  (or  other  isotope)  is  weighed  into 
one  aliquot,  and  the  solution  is  warmed 
to  equilibrate  the  tracer  and  sample. 

Column  procedure.  The  resin  from 
used  columns  is  discarded  after  each 
sample,  and  the  column  is  rinsed  with 
6.22V  HC'l  and  H20.  New  resin  is  added 
as  a  slurry  from  a  wash  bottle.  The  2-cm, 
0.5-cc  resin  bed  is  washed  with  2  ml  of 
6.22V  HC1  and  2  ml  of  ultraclean  H20, 
and  preconditioned  with  1  ml  of  3.12V 
HC1. 

Samples  are  loaded  by  pouring  into 
cleaned  columns.  (Columns  for  Pb  iso- 
topic  composition  and  for  isotope  dilu- 
tion are  kept  separate.)  Lead  and  ura- 
nium are  retained  by  the  resin  at  3.12V  but 
zirconium  is  not  held.  A  wash  with  1  ml 
of  3.12V  HC1  removes  the  zirconium  that 
is  in  the  interstitial  solution.  Lead  is 
eluted  from  the  resin  with  1  ml  of 
6.22V  HC1;  then  uranium,  with  an  addi- 
tional 1  ml  of  H20.  Beakers  used  for 
aliquoting  the  samples  are  rinsed  and 
used  again  to  collect  the  two  lead 
samples.  Solutions  from  the  columns  are 
evaporated  in  a  clean  hood  and  receive 
no  further  treatment  before  mass  spec- 
trometric  analysis. 


Mass  spectrometry.  The  lead  sample 
is  dissolved  in  1  drop  of  0.752V  H3P04 
and  evaporated  onto  a  thin,  easily  visi- 
ble, white  layer  of  silica  gel  on  an  out- 
gassed  Re  filament.  The  uranium  sample 
is  loaded  in  the  same  acid  onto  a  thin 
film  of  powdered  spectrographically  pure 
Ta205  on  an  outgassed  Re  filament.  Both 
samples  form  a  glass  at  operating  tem- 
perature. High  sensitivity  and  highly 
reproducible  mass  spectrometric  deter- 
minations are  characteristics  of  these 
filaments. 

Tests  of  Procedures  and  Design 
Considerations 

Contamination  tests  for  decomposition 
and  chemical  extraction.  Four  independ- 
ent tests  for  contamination  during  de- 
composition indicate  an  average  value  of 
less  than  1  ng  of  modern  common  lead. 
In  each  test  enough  HF  to  decompose 
200  mg  of  zircon  was  used  (2-3  ml) 
along  with  only  0.1  /xg  of  Pb208  tracer 
and  one  plastic  beaker.  Although  some 
capsules  had  been  used  to  dissolve  zir- 
cons with  ancient  radiogenic  lead  for  as 
long  as  8  months,  only  common  lead  was 
found. 

In  one  test  a  used  capsule  was  simply 
rinsed  three  times  in  cold  ultraclean  6.22V 
HC1.  Pb208  and  a  normal  amount  of  HF 
were  added,  and  the  bomb  was  placed  in 
the  oven  for  1  week.  A  total  contamina- 
tion of  0.8  ng  of  lead  was  determined. 
Two  other  capsules,  tested  after  the  first 
overnight  cleaning,  gave  0.9  and  1.5  ng. 
After  the  second  rinse  the  same  capsules 
gave  0.32  and  23  ng.  The  latter  contami- 
nation by  23  ng  of  common  lead  indi- 
cates that  accidental  contamination  is 
not  completely  avoidable.  This  con- 
tamination, as  well  as  a  large  part  of  the 
1-ng  blank  found  for  the  decomposition 
stage,  very  likely  occurs  during  handling, 
perhaps  from  airborne  particles,  because 
a  total  blank  of  only  0.45  ng  was  meas- 
ured when  all  chemical  processing  was 
carried  out  in  a  laminar  flow  of  filtered 
air. 
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Tests  of  a  Teflon  column  previously 
used  to  process  several  samples  indicated 
an  apparent  contamination  level  of 
about  1  ng  of  common  lead  after  the 
usual  washing  procedure.  In  spite  of  this 
low  contamination  level  a  policy  of  dis- 
carding the  resin  after  each  sample  has 
been  adopted  to  avoid  any  possibility  of 
cross-contamination  between  samples. 
New  resin  washed  by  the  usual  washing 
procedure  (except  for  one  additional  pass 
with  superclean  48%  HF  after  the  rinse 
with  6.27V  HC1)  gave  an  apparent  lead 
contamination  level  of  0.12  and  0.24  ng. 
These  blanks  include  any  lead  from  1  ml 
of  3.L/V  HC1,  1  ml  of  Q.2N  HC1,  and  one 
plastic  beaker,  processed  in  the  clean 
hood. 

Lead  contamination  levels  have  also 
been  determined  for  the  combined  de- 
composition and  chemical  extraction  pro- 
cedures. For  the  lowest  contamination 
level  determined,  0.45  ng  of  total  lead, 
our  best  reagents  were  used.  (The  lead 
content  of  6.2N  HC1  and  48%  HF  is 
0.002  and  0.005  ppb,  respectively.)  Other 
special  precautions  used  for  this  blank 
test  include  warming  the  beakers  for  sev- 
eral hours  with  superclean  HF,  soaking 
the  columns  in  a  mixture  of  cold,  singly 
distilled  HC1,  HN08,  and  HF  before  the 
resin  is  added,  and  exposing  the  sample 
only  in  a  laminar  flow  of  filtered  air.  A 
2-cm,  0.5-cc  column  was  used.  Earlier 
total  chemical  blanks,  conducted  in  room 
air  except  for  evaporation  in  a  clean 
hood,  and  using  less  pure  reagents,  were 
4.9  and  4.5  ng  of  lead  for  both  the  6-cm 
and  the  2-cm  columns.  Uranium  blanks 
are  insignificant,  ranging  from  0.017  to 
0.071  ng. 

Tests  for  losses.  Several  Teflon  bombs 
with  lids  of  various  designs  were  tested 
and  were  found  to  leak  HF  when  oper- 
ated at  220  °C.  Losses  by  diffusion  of  HF 
through  the  Teflon  wall  of  about  1  g 
every  3  days  were  observed.  With  the 
addition  of  the  Teflon  gaskets,  which 
flow  slightly  at  this  temperature,  losses 
are  reduced  by  a  factor  of  5  to  6.  A  test 


for  possible  loss  of  sample  along  with  HF 
was  carried  out  early  in  this  investiga- 
tion. Known  amounts  of  uranium  and 
lead,  9.18  and  40.44  /xg,  respectively,  were 
put  into  the  bomb  along  with  HF.  The 
amounts  of  lead  and  uranium  determined 
after  1  week  in  the  oven,  9.21  and  40.53 
/>tg,  respectively,  are  the  same  as  those  in 
the  starting  solution,  within  experi- 
mental error. 

Dissolution  rate.  The  rate  of  dissolu- 
tion is  a  function  of  grain  size,  the 
amount  of  radiation  damage,  and  the 
temperature.  In  one  test,  85%  of  three 
100-mg  samples  of  Archean  zircons  was 
dissolved  after  2  hours  at  220°C 
(samples:  200  mesh,  300  to  500  ppm 
uranium) .  This  test  confirms  the  results 
reported  by  Ito  (1961).  On  the  other 
hand,  a  small  amount  of  residue  was 
visible  from  a  0.4-g  sample  of  finely 
ground,  90-m.y.-old  zircon  (50  ppm 
uranium)  after  1  week.  Precambrian 
zircons  smaller  than  70  mesh  do  not,  in 
general,  require  grinding  and  show  no 
traces  of  residual  zircon  after  1  week  at 
220°C.  Grinding,  if  necessary,  is  con- 
veniently done  in  a  small  hardened  steel 
mortar.  Any  traces  of  metal  contamina- 
tion are  removed  from  the  sample  by 
subsequent  acid-washing. 

Column  calibration  and  efficiency.  The 
column  procedure  is  a  simple  batch  proc- 
ess, and  precise  column  calibration  is 
not  necessary.  The  length  of  the  resin 
column  is  determined  simply  by  the  dis- 
tance that  uranium  and  lead  are  eluted 
during  the  loading  and  washing  stages. 
The  resin  characteristics  described  by 
Kraus  and  Nelson  (1956)  were  used  in 
designing  the  separation  scheme  shown 
in  Fig.  75.  A  minimum  amount  of  resin 
is  required  because  zirconium  is  not  held 
on  the  anion  column,  and  only  the  very 
minor  amounts  of  uranium,  lead,  and 
other  trace  elements  need  be  retained. 
Column  efficiencies  of  96%  and  100% 
were  determined  for  uranium  and  lead, 
respectively,  by  spiking  three  aliquots  of 
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Fig.  75.  Separation  of  microgram  amounts  of  U  and  Pb  from  milligram  amounts  of  Zr.    2-cm 
column,  Dowex  1X8,  200  to  400  mesh,  chloride  form. 


the  same  sample,  two  before  the  column 
separation  and  one  after. 

Tests  for  homogeneity  of  solutions  for 
aliquots.  A  finely  ground  zircon  sample 
was  analyzed  in  duplicate.  One  portion 
was  aliquoted  as  a  liquid  after  decom- 
position; the  other  was  split  as  a  powder, 
and  U  and  Pb  isotope  tracers  were  added 
before  decomposition.  The  concentra- 
tions of  U  and  Pb  determined  for  each 
portion  were  668.9  and  115.0,  and  666.9 
and  115.0  ppm,  respectively.  Aliquoting 
of  these  90-  to  100-mg  samples  was  ap- 
parently perfect.  Problems  in  aliquoting 
uranium  have  been  encountered,  how- 
ever, especially  with  smaller  samples. 
For  example,  the  reproducibility  of  two 
of    the    uranium-lead    ratios    shown    in 


Table  35  is  outside  the  analytical  uncer- 
tainty of  about  0.5%.  To  pursue  this 
problem,  double  aliquots  were  made  on 
two  relatively  small  samples.  Concen- 
trations of  lead  differed  in  both  samples 
by  only  0.3%,  whereas  uranium  concen- 
tration values  differed  by  1.1%  and 
1.5%.  Duplicate  mass  spectrometric  de- 
terminations for  uranium  in  six  sample 
beakers,  for  which  the  Ta205  technique 
was  used,  differ  on  the  average  by  only 
0.13%.  The  solution  must  therefore  have 
been  inhomogeneous  with  respect  to 
uranium. 

On  the  assumption  that  insoluble  ura- 
nium-rich fluorides  may  be  present — a 
few  suspended  particles  can  usually  be 
seen  under  a  binocular  microscope  if  a 
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TABLE  35.   Duplicate  Analyses  of  Powdered  Samples  of  Zircon 


Sample 
No. 

Bomb 

No. 

Sample 
Weight,  g 

A206/238 
Age,  % 

207/206 
Age 

Measured 
206/204 

Pb 

,  Mg 

Total 

Common 

Date 

V348 

4 
3 

0.1002 
0.2006 

1.7 

2615.6 
2616.0 

5400 
9615 

28.6 
59.1 

0.279 
0.323 

10/70 

69-57 

4 
2 

0.1088 
0.1070 

0.2 

2707.8 
2707.8 

12903 

8608 

12.3 
12.3 

0.049 
0.073 

11/70 

V349 

5 
4 

0.034 
0.0328 

0.5 

2710.0 

2709.8 

16130 

18830 

5.75 
6.03 

0.019 
0.017 

1/71 

70-22 

5 

4 

0.0388 
0.0343 

3.0 

2742.5 
2743.5 

3568 
2206 

1.07 
0.934 

0.015 
0.022 

2/71 

70-157 

5N 
6N 

0.026 
0.0275 

0.8 

2783.5 
2783.5 

4470 
9005 

1.14 
1.41 

0.013 
0.008 

4/71 

70-159A 

3N 

7N 

0.0379 
0.0436 

0.4 

2926.3 
2926.2 

18730 
19841 

6.23 
7.20 

0.017 
0.020 

4/71 

side  light  is  used — a  solution  of  alumi- 
num chloride  hexahydrate  was  added  to 
form  soluble  complex  fluorides.  The 
amount  of  A1C13-6H20  used  was  one 
third  the  amount  of  zircon.  Uranium 
concentrations  were  then  determined  in 
both  of  the  lead  aliquots  for  four 
samples.  Three  of  the  sample  pairs 
agreed  closely  (0.3%,  0.1%,  and  0.14%) 
whereas  the  fourth  pair  differed  by  0.9%. 
Significantly,  the  same  sample  used  to 
demonstrate  a  lack  of  uranium  homo- 
geneity in  the  previous  'test  yielded  a 
much  better  agreement,  0.14%,  when 
A1C13  was  used. 

Although  the  solutions  prepared  with 
this  technique  were  successfully  ali- 
quoted,  it  is  still  possible  that,  given  the 
chemical  variability  of  zircons,  some 
samples  may  be  encountered  that  do  not 
yield  homogeneous  solutions.  Since  this 
procedure  would  also  require  the  prepa- 
ration of  another  lead-free  reagent,  U235 
tracer  is  now  added  to  the  entire  sample. 
Any  lead  in  the  uranium  spike  was  re- 
moved by  anion  exchange  at  1.5iV  HC1. 
The  spike  solution  was  then  adjusted  to 
3.1  A7"  to  avoid  affecting  the  pH  of  the 
aliquoting  and  column  solutions.  One 
duplicate  analysis  of  a  ground  zircon  for 
which  this  technique  was  used  yielded 
uranium  concentration  values  that 
agreed  to  within  0.1%. 

Evaluation   of   alternative    aliquoting 


solutions.  Sulfate  solutions  suitable  for 
aliquoting  are  prepared  by  adding  a  few 
drops  of  concentrated  sulfuric  acid, 
evaporating  off  the  excess  HF,  and  dis- 
solving the  residue  in  3.1A"  HC1.  Of  ap- 
proximately twenty  samples  analyzed  by 
this  procedure,  two  yielded  solutions  that 
were  turbid.  Some  such  solutions  could 
be  improved  by  drying  the  sample  down 
once  with  HC1,  but  this  was  not  always 
possible.  In  fact,  when  the  sulfate  solu- 
tions are  examined  under  a  binocular 
microscope  with  proper  side-lighting  and 
a  black  background,  many  suspended 
particles  can  usually  be  observed.  Two 
samples  that  produced  the  most  sus- 
pended material  were  analyzed  in  dupli- 
cate, and  good  agreement  (±  <  0.5% 
for  the  U-Pb  ratio)  was  obtained.  It  is 
possible,  therefore,  that  a  solution  con- 
taining a  large  number  of  small  sus- 
pended particles  can  be  aliquoted. 

The  solubility  of  zirconium  and  other 
fluorides  in  the  S.1N  HC1  eluting  solution 
currently  used  is  due  to  the  formation  of 
zirconium  fluoride  complexes.  Any  pos- 
sibility for  the  formation  of  insoluble  Th, 
U,  Y,  and  Re  fluorides  is  minimized  by 
heating  the  solution  at  220°C  for  15 
hours  prior  to  aliquoting.  The  influence 
of  insoluble  fluorides  is  reduced  by 
spiking  the  entire  solution  with  U235 
prior  to  this  heating  procedure. 

Bomb  design.    Flowage  of  the  Teflon 
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at  elevated  temperatures  as  a  result  of 
thermal  expansion  and  sealing-load  pres- 
sures results  in  a  loose  seal  for  several 
types  of  lids  tested.  Our  liner,  Fig.  74,  is 
designed  so  that  even  though  it  may  be 
0.5  cm  shorter  after  6  months  of  con- 
tinuous use  it  is  still  resealable.  The 
FEP  Teflon  sleeve  not  only  isolates  the 
sample  but  also  ensures  a  clean  capsule, 
usable  for  subsequent  chemical  steps  in  a 
clean  environment.  The  tapered  upper 
portion  of  the  dissolution  vessel  is  pro- 
tected by  the  lid  to  facilitate  clean  de- 
canting when  aliquoting  is  done.  The  lid 
itself  can  be  set  down  without  contami- 
nating the  critical  inner  surfaces.  After 
8  months  of  continuous  service  some 
capsules  have  developed  cracks  on  the 
inside  at  the  junction  of  the  side  and 
bottom.  One  capsule,  used  for  1  month 
after  this  crack  appeared,  finally  rup- 
tured. No  doubt  the  amount  of  tighten- 
ing of  the  lid  and  the  resulting  flowage  of 
the,  side  walls  influence  the  life  of  the 
capsule. 

The  FEP  Teflon  gaskets  used  are  more 
ductile  at  220°C  than  regular  TFE 
Teflon ;  however,  they  are  not  noticeably 
extruded  after  8  months  of  almost  con- 
tinuous operation.  Some  HF  does  diffuse 
through  the  seals,  but  since  they  reduce 
the  loss  by  a  factor  of  5  to  6  (now  1  g  lost 
in  2.5  weeks),  no  further  attempts  to 
improve  the  seal  have  been  made. 

A  resinous  layer  (probably  a  Teflon 
breakdown  product)  that  formed  on  the 
316  stainless  steel  used  for  the  confining 
jacket  is  easily  removed  with  dilute 
nitric  acid.  After  8  months,  the  insides 
of  the  bombs  show  only  slight  etching. 
Jackets  made  from  Monel  200  do  not 
develop  this  resinous  layer  but  undergo 
an  as  yet  undetermined  chemical  reac- 
tion to  form  a  nonmetallic,  slightly  trans- 
lucent layer  on  surfaces  exposed  to  HF. 
Quenching  of  the  bombs  directly  from 
the  oven  in  cold  water  produced  cracks 
in  some  of  the  end  plates  after  several 
months.  Cooling  on  a  water-cooled  alu- 
minum block  has  now  been  adopted. 


Discussion  of  Applications 

The  procedures  described  have  been 
used  to  analyze  more  than  fifty  zircon 
samples,  ranging  in  size  from  0.5  to 
0.00025  g,  during  the  past  8  months.  The 
smallest  sample  analyzed  consisted  of  10 
grains,  weighed  0.00025  g,  and  had  a 
measured  Pb206/Pb204  ratio  of  2000. 
Only  about  80  ng  of  lead  was  present  in 
the  entire  sample.  The  simple  batch-type 
column  procedure  has  never  failed  to 
give  a  sample  that  provided  good  mass 
spectrometric  data.  Lead  analyzed  by 
the  silica-gel  technique  yields  highly 
reproducible  isotopic  data  so  that  the  use 
of  a  double  isotope  tracer  is  unnecessary. 
Table  35  indicates  an  average  reproduci- 
bility of  0.3  m.y.  in  more  than  2700  m.y. 
for  the  Pb207/Pb206  age.  Amounts  of 
lead  greater  than  0.1  fxg  are  analyzed 
with  ease  (a  1-volt  signal  on  a  1011 
ohm  resistor  and  at  least  10  volts  of 
Pb206  for  measuring  the  Pb206/Pb204 
ratio).  Samples  of  about  0.01  /xg  yield 
satisfactory  data  at  an  intensity  lower 
by  a  factor  of  3  to  10.  Excellent  repro- 
ducibility and  sensitivity  are  achieved 
for  uranium  by  using  the  single-filament 
Ta205  method  developed  during  this 
investigation. 

In  practice,  if  zircons  larger  than  100 
mesh  are  available,  the  final  purification 
is  achieved  simply  by  hand-picking  1  to 
5  mg  after  a  preliminary  magnetic  sepa- 
ration. The  most  concordant  results  are 
obtained  from  the  most  transparent 
grains  in  the  least  magnetic  fraction.  All 
Precambrian  samples  are  now  limited  to 
less  than  20  mg  to  facilitate  hand-pick- 
ing of  impurities. 

Data  for  duplicate  analyses  shown  in 
Table  35  are  of  variable  quality  because 
they  were  measured  while  the  methods 
were  being  developed.  More  laboratory 
contamination  is  present,  for  example,  in 
the  first  two  duplicate  analyses.  Aliquots 
were  made  of  a  sulfate-HCl  solution  for 
the  first  three  duplicate  analyses,  and  of 
a  fluoride-HCl  solution  for  the  last  three 
duplicates.  Uranium  tracer  was  added  to 
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the  total  sample  in  only  the  last  two 
duplicate  analyses.  The  total  amount  of 
common  lead  present  in  each  analysis  is 
calculated  by  assuming  that  the  Pb206/ 
Pb204  ratio  in  the  isotopic  composition 
analysis  applies  to  the  total  sample,  and 
that  modern  lead  contains  only  1  part  in 
70  of  Pb204.  The  last  four  duplicates 
have  a  total  common  lead  content  be- 
tween 8  and  22  ng.  This  amount  is 
greater  than  that  estimated  for  our 
chemical  blank,  probably  including  some 
lead  contained  in  the  zircon  and  possibly 
some  introduced  during  sample  washing 
and  loading.  Using  the  best  estimate  for 
Pb  blanks  and  assuming  no  other  source 
of  contamination,  we  calculate  that  14 
nonmagnetic  zircon  samples  contain  an 
average  of  0.3  ppm  of  common  lead 
(maximum  value  of  0.6  ppm).  These  are 
maximum  values  because  a  small  amount 
of  lead  may  be  left  on  the  zircon  grains 
during  washing  in  Pyrex  beakers  and 
loading  from  a  sheet  of  white  paper. 
Some  of  these  samples  were  previously 
analyzed  by  the  borax  procedure  and 
were  thought  to  contain  5  to  10  ppm  of 
common  lead.  Similar  large  amounts  of 
common  lead  in  nonmagnetic  zircons  re- 
ported in  the  literature  probably  indicate 
that  other  laboratories  have  also  under- 
estimated their  lead  contamination  levels 
or  have  overestimated  their  sample 
purity. 

Preparation  of  Ultrapure  HF,  HC1, 
and  HN03 

J.  M.  Mattinson 

Recent  improvements  in  mass  spec- 
trometry techniques  (Cameron,  Smith, 
and  Walker,  1969)  make  possible  precise 
isotopic  analysis  of  lead  at  submicrogram 
levels.  At  these  low  levels,  contamina- 
tion by  lead  from  the  atmosphere,  lab- 
ware,  and  especially  chemical  reagents  is 
a  critical  problem.  The  purpose  of  this 
paper  is  to  describe  a  simple  distillation 
unit  that  is  capable  of  producing  modest 
quantities  of  acids  (including  HF)  of 
exceptional  purity. 
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Fig.  76.  TFE  Teflon  connecting  block.  Fits 
32-oz  Nalgene  narrow-mouth  FEP  Teflon 
bottles  (screw  cap  size  30-430). 

Description 

The  still  consists  of  two  1000-ml  FEP 
Teflon  bottles  (available  commercially) 
connected  at  right  angles  by  a  threaded 
TFE  Teflon  block  (Fig.  76).  A  300-watt 
heat  lamp*  supplies  heat  for  slow  sub- 
boiling  evaporation  from  the  feed  bottle, 
and  the  vapor  condenses  in  the  water- 
cooled  collecting  bottle.  After  the  bottles 
and  connecting  block  are  thoroughly 
cleaned,  about  100  ml  of  the  desired  acid 
is  added  to  the  feed  bottle,  and  the  still  is 
assembled.  The  collecting  bottle  and 
Teflon  block  are  given  a  final  cleaning  by 
operating  the  still  in  the  cleaning  posi- 
tion (Fig.  77A)  for  several  days  to  pro- 
vide continuous  refluxing  of  the  collect- 
ing system  by  ultrapure  acid.  The  feed 
bottle  is  then  removed,  emptied,  filled 
about  three-quarters  full  with  acid,  and 
replaced  on  the  still,  which  is  now  oper- 
ated in  the  collecting  position  (Fig. 
77B).  When  most  of  the  acid  has  been 
distilled  (7-15  days  for  48%  HF,  6.2N 
HC1;  somewhat  longer  for  concentrated 

*  The  feed  bottle  might  also  be  heated  with  a 
heating  sleeve  or  heating  tape.  One  advantage 
of  the  lamp,  however,  is  that  heat  may  be  con- 
centrated on  the  upper  part  of  the  feed  bottle, 
above  the  liquid  level.  This  speeds  distillation 
by  reducing  the  amount  of  condensation  in  the 
feed  bottle  but  without  exceeding  the  boiling 
point  of  the  liquid. 


GEOPHYSICAL    LABORATORY 


267 


Heat  lamp 


A 


/V\\x 


Collecting 
bottle 


Feed  bottle 


Heat  lamp 


TFE  Teflon 
connecting  block 


Fig.  77.   (A)  Two-bottle  Teflon  still  in  clean- 
ing position.   (B)  Still  in  collecting  position. 


HN03),  the  collecting  bottle  is  un- 
screwed,- capped,  and  used  for  dispensing 
acid  directly.   A  fresh  batch  of  acid  can 


be  started  immediately  with  a  second 
collecting  bottle,  insuring  a  continuous 
supply  of  acid. 

Two  precautions  should  be  observed: 
(1)  Pressure  tends  to  build  up  in  the  sys- 
tem. The  collecting  bottle  should  be 
unscrewed  a  fraction  of  a  turn  to  permit 
excess  vapor  to  escape.  (2)  The  distance 
between  the  heat  lamp  and  the  feed 
bottle  should  be  adjusted  so  that  no  bub- 
bles form  in  the  acid.  Bursting  of  bub- 
bles produces  tiny  droplets,  which  may 
enter  the  collecting  bottle  and  reduce  the 
purity  of  the  distillate. 

Results 

Acids  prepared  by  this  method  have 
been  analyzed  for  lead  by  isotope  dilu- 
tion. About  100  ml  of  acid  plus  a  small 
amount  of  enriched  Pb208  tracer  was 
evaporated  in  a  Teflon  beaker  under  a 
laminar  flow  of  ultraclean  air  for  each 
determination.  No  corrections  for  blanks 
have  been  made.  Thus  the  figures  quoted 
are  maximum  values.  The  results  are 
summarized  in  Table  36.  Data  for  acids 
prepared  by  other  methods  are  listed  for 
comparison. 


TABLE  36.  Pb  Concentrations  in  Acids,  parts  per  billion 
(10~9  grams  per  gram  acid) 


Method 


48%  HF 


6.2N  HC1 


Concentrated  HNOa 


Two-bottle  Teflon  still  (this  paper) 

Tatsumoto  procedure  (1) 
Isothermal  distillation  (2) 
Distillation  in  platinum  (3) 
Passing  filtered  HF  gas  into  H20  (4) 
Subboiling  distillation  in  quartz  (5,  6) 


0.002 

(8,9) 

0.0015 

(8, 10) 

0.023     (8, 11) 

0.005 

(8,9) 

0.049     (8, 11) 

0.08 

(1) 

0.2 

(1,7) 

0.2-1.0 

(1) 

0.2-1.0 

(1) 

0.12 

(7,8,10) 

0.18      (7,8,1 

1.  Tatsumoto  (1969). 

2.  Kwestroo  and  Visser  (1965). 

3.  Hillebrand  et  al.  (1953). 

4.  Tilton  et  al.  (1955). 

5.  Quartz  et  Silice,  Paris,  Leaflet  No.  Sl-6. 

6.  Hart  and  Burrhus  (Year  Book  70). 

7.  Mattinson  and  Sinha  (unpublished  data). 

8.  Not  corrected  for  blanks.  Each  value  represents  a  separate  batch  of  acid. 

9.  Starting  material:  reagent  grade  HF  (48%). 

10.  Starting  material:  62N  HC1,  singly  distilled  in  Pyrex. 

11.  Starting  material:  reagent  grade  HN03  (70%). 
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Discussion 

The  results  show  that  acids  of  excep- 
tional purity  can  be  prepared  with  this 
simple  distillation  unit.  Operation  below 
the  boiling  point  (first  described  for 
preparation  of  high-purity  HF  by  Cop- 
pola and  Hughes,  1952) ,  exclusive  use  of 
Teflon  for  construction,  the  provision  for 
cleaning  the  collecting  system,  the  mini- 
mum of  handling  required,  and  the  fact 
that  the  still  operates  almost  as  a  closed 
system  all  contribute  to  high  product 
purity. 

Ultrasensitive  Amino  Acid  Analyzer 

P.  E.  Hare 

Recent  refinements  in  the  instrumen- 
tation for  amino  acid  analysis  at  this 
Laboratory  have  resulted  in  a  significant 
increase  in  sensitivity  that  makes  pos- 
sible the  quantitative  analysis  of  amino 
acids  present  in  less  than  nanogram 
(10~9  g)  amounts.  The  analytical  system 
has  been  described  at  an  earlier  stage  of 
development  (Hare,  1969).  It  uses  a 
cation  exchange  resin  and  a  series  of  buf- 
fer solutions  of  increasing  pH  and  sodi- 
um concentration  for  th6  elution  of  all 
the  amino  acids  from  a  single  resin 
column.  To  achieve  a  stable  base  line  it 
is  necessary  to  use  reagents  and  water 
free  of  even  trace  amounts  of  ninhydrin 
positive  materials. 

The  dimensions  of  the  ion-exchange 
column  used  in  the  present  system  are 
approximately  25  cm  long  by  2  mm  in- 
side diameter.  The  total  volume  of  resin, 
a  little  over  */2  nil,  is  nearly  Vioo  of  the 
volume  of  resin  used  in  most  commercial 
instruments.  Since  less  buffer  solution  is 
required  to  elute  off  each  amino  acid,  the 
ratio  of  amino  acid  to  buffer,  and  there- 
fore sensitivity,  is  nearly  100  times 
greater  than  normal  size  ion-exchange 
columns.  For  optimum  resolution  the 
resin  must  be  homogeneously  sized  by 
careful  fractionation.  Such  resin  is  com- 
mercially available. 

With  small-bore  ion-exchange  columns 


the  buffer  flow  rates  must  be  scaled  down 
appropriately.  To  deliver  buffers  with 
flow  rates  of  a  few  milliliters  per  hour,  a 
pressure  elution  system  has  been  devel- 
oped (Hare,  1966).  Polystyrene  reser- 
voirs have  proved  convenient  for  the 
storage  of  buffers  under  pressure.  Regu- 
lated pressure,  for  which  compressed 
nitrogen  is  used,  is  directed  to  each  reser- 
voir, which  in  turn  is  controlled  by  an 
on-off  valve  into  the  system  itself.  These 
valves,  one  for  each  buffer,  are  controlled 
by  a  series  of  timers  and  are  programmed 
to  flow  through  the  system  sequentially. 
The  buffer  effluent  from  the  column 
containing  the  sequentially  resolved  and 
eluted  amino  acids  is  mixed  with  a 
reagent  containing  ninhydrin.  This  rea- 
gent reacts  quantitatively  with  amino 
acids  and  forms  a  colored  complex  that 
can  be  detected  in  a  spectrophotometer  or 
colorimeter  at  a  wavelength  of  570  nm 
(440  for  proline). 

The  most  significant  improvement  in 
the  present  system  has  been  the  develop- 
ment of  a  special  colorimeter  that  makes 
possible  the  use  of  flow  cells  several 
centimeters  long.  The  help  of  Mr.  F.  A. 
Rowe  in  development  and  construction  is 
gratefully  acknowledged.  The  flow  cell 
construction  is  a  tube  of  black  Teflon  2 
inches  long  by  x/2  inch  in  diameter  with 
an  approximately  0.020-inch  bore.  To 
achieve  this  bore  with  optimum  smooth- 
ness a  0.040-inch  hole  was  first  drilled 
and  then  extruded  black  Teflon  tubing 
with  the  appropriate  bore  was  stretched 
to  fit  snugly  through  the  0.040-inch  hole. 
Diagonal  holes  for  Teflon  tubing  to  enter 
and  exit  the  cell  at  each  end  are  simi- 
larly constructed.  Glass  disks  are  held 
against  the  open  ends  of  the  flow  cell, 
completing  a  flow-through  system  capa- 
ble of  at  least  500  psi  pressure.  A  minia- 
ture light  source  with  an  integral  focus- 
ing lens  (Chicago  Miniature  Lamp 
Works  CM  20-3)  provides  an  intense 
light  beam  of  narrow  diameter.  A  filter 
of  appropriate  wavelength  and  a  detector 
(Clairex   CL605L   photoconductor   cell) 
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complete  the  unit.  When  this  unit  is  used 
with  a  Sorensen  power  supply  (QSA 
10-1.4),  it  is  possible  to  produce  a  highly 
stable  output  and  excellent  response  to 
extremely  minute  changes  in  color  inten- 
sity of  the  stream  in  the  flow-through 
cell. 

The  present  system  uses  two  of  these 
special  colorimeters  at  two  different 
wavelengths.  The  optimum  range  of 
amino  acid  concentrations  without  re- 
corder scale  expansion  is  from  10~10  mole 
to  10"7  mole.  With  a  scale  expansion  to 
10  or  even  100,  it  has  proved  possible  to 
work  at  the  10"11  to  10"12  mole  levels. 

This  degree  of  sensitivity  has  enabled 
us  to  detect  and  quantitate  the  amino 
acids  in  a  single  test  of  a  Foraminifera 
weighing  only  a  fraction  of  a  milligram. 
Mr.  Kenneth  King,  Jr.,  a  predoctoral 
fellow  at  this  Laboratory,  is  at  present 
surveying  the  amino  acid  composition  of 
various  species  of  microfossils  separated 
from  deep  sea  cores.  The  present  in- 
strumentation has  made  feasible  such  a 
systematic  study. 

Aspects-  of  Computer  Automation  of 
an  Electron  Microprobe 

L.  W .  Finger  and  C.  G.  Hadidiacos 

In  the  past  several  years  a  large  num- 
ber of  mineral  analyses  have  been  per- 
formed on  our  MAC  model  400  electron 
microprobe.*  The  standard  method  of 
data  collection  consists  of  manual  posi- 
tioning of  each  of  the  three  available 
spectrometers  with  the  beam  impinging 
on  the  selected  standard.  The  count  rate 
for  the  standard  is  measured,  the  stage  is 
translated  to  the  unknown,  and  the  new 
count  rate  is  measured;  finally,  the 
measurement  is  repeated  on  the  stand- 
ard. After  measurement  of  the  X-ray 
backgrounds  the  deck  of  cards  produced 
may  be  processed  by  program  CONE 
(Boyd,  Finger,  and  Chayes,  Year  Book 
67,  pp.  210-215) .  This  program  averages 

*  Purchased  with  the  assistance  of  the  Na- 
tional Science  Foundation  under  grant  GP  4384. 


the  count  data,  corrects  for  the  dead- 
time  of  the  detectors,  removes  the  effects 
of  the  background,  and  calculates  the 
first  approximation  to  the  composition. 
If  more  than  three  elements  are  con- 
tained in  the  unknown,  the  process  is  re- 
peated until  all  elements  have  been 
measured.  The  final  step  in  the  analysis 
involves  correction  of  the  initial  com- 
positions for  the  matrix  effects  by 
program  ABFAN  (Boyd,  Finger,  and 
Chayes,  Year  Book  67,  pp.  210-215; 
Hadidiacos,  Finger,  and  Boyd,  Year 
Book  69,  p.  294). 

The  procedure  outlined  above  works 
reasonably  well  for  most  applications; 
however,  there  are  two  classes  of  prob- 
lems that  cause  difficulties.  Many 
studies,  such  as  those  of  Keil  and 
Fredriksson  (1964),  Simkin  and  Smith 
(1970),  or  Bell  {Year  Book  69,  pp.  228- 
229),  ^require  great  quantities  of  data, 
but  there  \  are  potential  problems  that 
require  even  greater  numbers  of  analyses 
that  cannot  be  attempted  manually.  A 
different  sort  of  complication  arises  if 
the  materials  being  analyzed  are  strongly 
zoned  (for  examples,  see  Bottinga,  Kudo, 
and  Weill,  1966;  Boyd,  Year  Book  69, 
pp.  216-228;  Smith  and  Lindsley,  Year 
Book  69,  pp.  269-274;  and  Lindsley  and 
Smith,  Year  Book  69,  pp.  274-278).  If 
the  unknown  contains  more  elements 
than  the  number  of  counting  channels 
available  (the  usual  case)  and  the  total 
chemistry  is  being  determined,  the  opera- 
tor must  relocate  the  stage  at  exactly  the 
same  spot  for  each  set  of  elements.  This 
relocation  is  extremely  difficult,  if  not  im- 
possible, and  usually  the  investigator 
performs  multiple  traverses  of  the  speci- 
men. Although  they  usually  can  be  cor- 
related, much  more  useful  information 
about  the  crystallization  sequence  could 
be  obtained  if  an  accurate,  complete 
chemical  analysis  were  available  for  each 
point.  The  obvious  solution  is  to  equip 
the  instrument  in  such  a  manner  that  an 
entire  analysis  can  be  performed  without 
moving  the  stage.  If  we  reject  the  idea  of 
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manual  manipulation  of  spectrometers, 
there  are  two  methods  of  solving  the 
problem.  The  first  involves  the  use  of  a 
nondispersive,  solid-state  detector  and 
a  multichannel  analyzer  to  accumulate 
the  radiation  from  all  elements  at  the 
same  time.  This  approach  has  two  dis- 
advantages. Although  the  resolution  and 
noise  level  of  nondispersive  detectors  are 
constantly  being  improved,  their  present 
ability  to  measure  the  geologically 
important  elements  with  low  atomic  num- 
ber is  less  than  that  of  crystal  spectrom- 
eters. In  addition,  automating  the  speci- 
men stage  requires  the  incorporation  of 
a  computer  into  the  system,  causing  a 
large  additional  expense.  The  alternative 
approach  to  automation  involves  use  of 
a  computer  to  manipulate  conventional 
dispersive  spectrometers  as  well  as  the 
stage.  The  speed  and  accuracy  of  the 
computer  make  it  possible  to  change  and 
restore  the  spectrometer  settings  so  that 
multiple  elements  per  counting  channel 
can  be  analyzed.  With  the  assistance  of 
grant  NGL  09-140-012  from  the  Na- 
tional Aeronautics  and  Space  Adminis- 
tration,   we    have    selected    the    latter 


alternative,  utilizing  our  existing  spec- 
trometers with  the  ultimate  goal  of 
automating  the  stage. 

A  block  diagram  of  the  automation 
system  is  shown  in  Fig.  78.  The  com- 
puter selected  for  this  application  is  the 
Digital  Equipment  Corporation  PDP  11 
with  a  memory  of  4096  words  of  16  bit 
length;  an  ASR  33  Teletype*  serves 
as  the  input/output  device.  The  com- 
puter is  interfaced  to  a  Canberra  Indus- 
tries Datanim  *  automation  system  con- 
sisting of  a  sealer-timer,  a  motor  con- 
trol unit,  and  a  stepping  motor  for  each 
X-ray  channel  of  the  probe.  In  addition 
to  the  equipment  mentioned  above,  the 
system  also  includes  a  shutter  that  en- 
ables the  computer  to  intercept  the  elec- 
tron beam  with  a  piece  of  pyrolitic 
graphite  when  no  counting  channels  are 
active.  The  block  diagram  of  this  device 
(Fig.  79)  shows  the  principal  sections  of 
the  circuitry,  including  a  reversible 
motor  that  drives  the  shaft  holding  the 

*  Teletype  is  a  registered  trademark  of  the 
Teletype  Corporation. 

t  Datanim  is  a  registered  trademark  of  Can- 
berra Industries. 
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Fig.  78.  Block  diagram  of  the  microprobe  automation  system. 
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Fig.  79.  Expanded  block  diagram  of  the  beam-control  device.  The  circuitry  shown  controls  the 
position  of  a  piece  of  pyrolitic  graphite  used  to  intercept  the  beam.  The  beam  or  specimen  current 
may  also  be  read  by  the  computer. 


graphite  interceptor.  A  series  of  circuits 
schematically  labeled  the  "state  de- 
coder" uses  the  position  of  cam  switches 
activated  by  the  motor  shaft  and  the 
selection  information  from  the  computer 
requesting  a  particular  beam  condition 
to  select  the  motor  direction  and  to 
switch  the  motor  power  on  and  off  at  the 
proper  times.  When  the  motor  power  is 
turned  on,  a  3-second  delay  timer  is 
activated;  at  the  end  of  this  time  an 
interrupt  signal  signifying  completion  is 
sent  to  the  computer.  The  decoder  also 
switches  the  source  input  for  the  digital 
voltmeter  to  the  specimen  or  beam  cur- 
rent, whichever  is  appropriate.  A  free- 
running  multivibrator  with  a  period  of 
approximately  200  milliseconds  controls 
the  sampling  frequency  of  the  digital 
voltmeter  with  the  most  recent  results 
available  to  the  computer. 

Although  the  specimen  current  is  af- 
fected by  many  factors,  including  the 
composition  of  the  target,  the  major 
cause  of  change  in  the  beam-stop  current 
is  a  variation  in  the  true  beam  current. 
If  a  linear  relationship  between  the  count 


rate  and  the  beam  current  is  assumed, 
then 


C  =  Co  +  al 


(1) 


where  C  is  the  count  rate ;  Co  is  the  count 
rate  with  zero  current;  I  is  the  current; 
and  a  is  related  to  the  spectrometer  ef- 
ficiency, the  composition  of  the  specimen, 
and  many  other  factors.  When  there  is 
no  current  there  should  be  no  production 
of  X-rays ;  consequently  C0  must  be  zero. 
A  plot  of  observed  counting  rate  as  a 
function  of  the  current  is  shown  in  Fig. 
80.  The  least-squares  regression  line 
through  the  data  yields  an  intercept 
value  nearly  equal  to  zero;  therefore  C0 
can  be  ignored  in  equation  1.  The  equa- 
tion required  to  correct  a  count  rate 
measured  with  a  current  of  /'  may  be 
found  by  dividing  equation  1  by  a  similar 
equation  involving  Y  and  C,  the  count 
rate  observed  at  current  /'.  Solving  for 
the  corrected  count  rate,  we  obtain 


C  =  j,C 


(2) 


with  C  and  C"  equal  to  the  corrected  and 
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Fig.  80.  Variation  of  count  rate  with  beam 
current. 

observed  count  rates,  respectively,  and  I 
equal  to  the  reference  value  for  the  beam 
current.  When  equation  2  is  used,  the  cur- 
rents measured  at  the  beam  stop  make 
possible  a  correction  for  the  effects  of 
beam  current  drift. 

One  potential  problem  associated  with 
this  method  of  beam  interception  is  the 
length  of  time  required  for  the  sample  to 
come  to  equilibrium  when  the  beam  is 
turned  on.  If  time-dependent  changes  in 
the  measured  value  of  the  sample  current 
reflect  any  disequilibrium,  such  effects 
must  be  relatively  short  lived.  Within 
1-3  seconds  after  the  beam  is  turned  on, 
the  current  has  reached  a  value  greater 
than  99%  of  the  value  attained  after  40 
seconds.  Accordingly  a  3-second  delay 
has  been  built  into  the  circuitry  generat- 
ing the  interrupt-signal  informing  the 
computer  that  the  probe  is  ready  for  data 
collection. 

The  effectiveness  of  a  computer-con- 
trolled experiment  is  totally  dependent 
upon  the  programs  available  to  the  user. 
In  this  particular  application  we  are  at- 
tempting to  provide  a  system  to  be  used 
by  petrologists  who  may  or  may  not  have 
any  training  or  ability  in  computer  pro- 
gramming.   We  think  this  requirement 


may  best  be  satisfied  by  including  a  num- 
ber of  fixed  programs  to  perform  the  op- 
erations necessary  to  the  collection  of 
microprobe  data.  The  special  parameters 
and  data  needed  for  the  user's  applica- 
tion are  entered  into  the  computer  in  a 
conversational  or  interactive  phase.  Edit- 
ing functions  that  help  recovery  from 
typing  mistakes  have  also  been  included, 
and  every  effort  has  been  taken  to  avoid 
failure  of  the  program  if  improper  values 
are  submitted;  a  suitably  insulting  mes- 
sage is  printed  and  the  user  is  given  an- 
other chance.  Our  system  does  not  in- 
clude any  mass-storage  devices  to  be  used 
for  program-swapping  operations;  there- 
fore all  programs  must  be  resident  in 
computer  memory  at  all  times.  The  small 
size  (4  K  words)  of  the  memory  in  our 
computer  essentially  precludes  any  use  of 
a  real-time  version  of  a  high-level  lan- 
guage such  as  Fortran  or  Basic,  particu- 
larly if  such  a  language  operates  in  the 
interpretive  rather  than  the  compiled 
mode;  consequently  all  programs  for  the 
microprobe  system  have  been  written  in 
PAL-11,  the  assembler  language  for  the 
PDP-11. 

To  date,  most  of  the  programming 
effort  has  been  devoted  to  the  coding  and 
checkout  of  fairly  elementary  subroutines 
to  supervise  and  operate  the  various  sec- 
tions of  the  equipment.  The  keyboard- 
teleprinter  input/output  routines,  the 
motor  and  sealer-timer  initiation  rou- 
tines, and  the  beam-stop  drivers  are  ex- 
amples. The  preparation  of  more  com- 
plicated programs  consists  of  linking 
together  the  appropriate  calls  to  these 
elementary  functions. 

Two  such  routines  that  are  planned 
but  not  yet  coded  are  (1)  a  program  to 
perform  qualitative  or  semiquantitative 
analyses  from  spectral  scans  and  (2)  a 
program  to  produce  quantitative  analy- 
ses. The  output  data  from  the  latter 
program  will  be  roughly  equivalent  to 
program  CONETR  (Hadidiacos,  Finger, 
Boyd,  Year  Book  69,  p.  294)  and  will  con- 
sist of  the  initial  composition  for  each 
point   analyzed.    Correction   for  instru- 
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mental  effects  such  as  dead-time,  back- 
ground, and  beam  drift  will  be  automat- 
ically handled  by  the  small  computer. 
The  initial  versions  of  this  program  will 
not  attempt  to  perform  any  matrix  cor- 
rections, primarily  because  of  memory- 
size  limitations. 

At  the  present  time,  there  are  two  pro- 
grams available  for  use  by  the  micro- 
probe  operator.  The  first  of  these  per- 
forms a  step-scan  with  equal  increments 
of  motion  on'  any  combination  of  the 
three  spectrometers  and  may  be  used  to 
provide  information  about  the  peak  shape 
or  background  profile  or  both.  The  sec- 
ond routine  is  used  to  peak  a  spectrom- 
eter and  is  so  critical  to  accurate  analy- 
sis under  computer  control  that  the 
operation  of  this  routine  will  be  described 
in  considerable  detail.  The  fundamental 
requirements  of  such  a  routine  are  that 
(1)  determination  of  the  position  of  the 
peak  should  be  accurate  and  reliable 
without  significant  influencing  of  the  re- 
sults by  peak  shape  or  location  and  (2) 
the  probe  time  involved  in  this  procedure 
should  not  greatly  exceed  1  minute,  al- 
though this  condition  is  secondary  to  the 
proper  determination  of  the  peak  posi- 
tion. The  effect  of  the  backlash  associ- 
ated with  the  spectrometer  and  motor 
gears  is  minimized  by  always  approach- 
ing the  position  of  a  measurement  from 
the  same  direction  and  by  driving  too  far 
and  then  reversing  when  the  direction  of 
drive  has  been  changed.  On  our  instru- 
ment with  LiF-calibrated  spectrometers, 
30  xu  (or  0.03  A)  of  motion  has  been 
found  to  be  sufficient  to  remove  the  back- 
lash. When  the  fastest  drive  speed  is 
used,  a  total  motion  of  60  xu  requires  5 
seconds ;  therefore  the  minimum  time  re- 
quirement precludes  multiple  direction 
reversals  in  peaking  the  spectrometer.  A 
flow  diagram  for  the  routine  is  shown  in 
Fig.  81a  with  a  representative  wavelength 
scan  shown  in  Fig.  81b.  The  method 
chosen  involves  two  scans  through  the 
region  of  the  peak. 

The  first  scan  is  used  to  determine  the 
approximate  intensity  and  position  of  the 


maximum  and  is  conducted  with  a  con- 
tinuous motion  with  the  scaler  sampling 
repetitively.  The  position  and  intensity 
of  the  maximum  are  labeled  PT  and  C, 
respectively.  Note  that  the  scan  mode 
causes  the  apparent  location  of  the  maxi- 
mum to  be  displaced  in  the  direction  of 
motion  similarly  to  the  results  obtained 
by  using  a  large  time  constant  in  a  rate- 
meter.  The  upper  and  lower  limits  of  this 
first  pass  are  positions  P0  and  Pi,  respec- 
tively, with  a  difference  between  them  of 
40  xu  in  the  current  version.  This  scan 
gives  a  large  tolerance  with  respect  to 
the  initial  guess  of  the  peak  location  and 
could  probably  be  reduced;  however,  this 
phase  requires  only  6  seconds  to  com- 
plete, and  little  time  could  be  saved  by 
reducing  the  distance  scanned.  When 
position  Pi  is  reached,  the  maximum 
count  rate  is  corrected  for  the  back- 
ground; the  75%  height  is  calculated;  the 
count  rate,  C,  corresponding  to  this  value 
is  determined;  the  spectrometer  is  driven 
rapidly  to  a  position  P2  =  Pt  +  AP ;  and 
the  backlash  is  removed.  One  of  the  pa- 
rameters of  the  procedure  that  is  still 
being  varied  is  AP;  however,  3  xu  seems 
to  be  a  suitable  amount. 

The  spectrometer  now  begins  the  sec- 
ond scan  to  determine  the  peak  location. 
As  shown  in  Fig.  81b,  the  top  of  the  peak 
consists  of  a  relatively  broad  region  with 
a  considerable  amount  of  noise.  For  rela- 
tively weak  peaks,  the  count  time  re- 
quired to  locate  the  intensity  maximum 
would  have  to  be  long  in  order  to  deter- 
mine that  one  count  was  statistically 
greater  than  another.  On  the  other  hand, 
the  regions  of  steep  slope  show  only  small 
effects  due  to  random  fluctuations,  and 
the  location  at  which  the  count  rate 
crosses  an  arbitrary  fraction  of  the  total 
height  may  be  found  easily.  This  princi- 
ple is  used  in  the  second  phase  of  the 
peak-searching.  A  step-scan  through  the 
peak,  for  which  the  smallest  increment 
available  (0.1  xu)  is  used,  is  continued 
until  the  count  rate  matches  or  exceeds 
C",  the  %  height  of  the  peaks.  The  posi- 
tion satisfying  this  condition  is  P3.    At 
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Fig.  81.  Flow  diagram  (a)  and  representative  peak  profile  (b)  for  the  computer  program  used  to 
determine  the  position  of  the  peak.  1  xu  *=«  0.001  A. 
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this  point  the  spectrometer  is  rapidly 
driven  to  Pt  and  the  step-scan  is  con- 
tinued. When  the  count  is  less  than  or 
equal  to  C",  the  %  height  on  the  down- 
scale  side,  P4,  has  been  located.  The  peak 
position,  P,  is  then  the  mean  of  P3  and  P4. 
The  contribution  of  K«2  radiation  to  the 
profile  in  Fig.  81b  is  shown  by  the  bulge 
on  the  right  side  of  the  peak.  This  effect 
accounts  for  the  slight  shift  of  P  to  the 
right. 

The  peaking  procedure  outlined  above 
has  been  tested  relatively  extensively  and 
requires  about  45  seconds  to  determine  a 
peak  location.  For  most  elements  the  de- 
viation of  the  location  selected  from  the 
mean  of  many  such  values  is  usually  0.1 
to  0.2  xu.  A  second  criterion  has  been 
previously  used  to  determine  if  the  spec- 
trometers were  properly  positioned  manu- 
ally. The  X-ray  optics  used  in  the  micro- 
probe  are  extremely  sensitive  to  the  posi- 
tion of  the  X-ray  source,  and  this  effect 
may  be  used.  If  the  spectrometer  is  prop- 
erly set,  the  count  rate  will  fall  off  equally 
as  we  raise  or  lower  the  specimen  using 
the  focusing  control  of  the  stage.  On 
the  other  hand,  if  the  spectrometer  is 
improperly  positioned,  the  count  rate  in 
one  direction  will  be  partially  enhanced 
before  falling.  In  all  cases  where  the 
maximum  count  rate  was  greater  than  100 
counts/second,  the  peak  position  deter- 
mined has  satisfied  the  criteria.  Prelimi- 
nary results  suggest  that  the  peak  posi- 
tions determined  by  the  above  technique 
are  in  fact  superior  to  those  determined 
manually  (Boyd,  personal  communica- 
tion) . 

Although  the  preliminary  results  on 
the  computer-automated  system  have 
been  very  encouraging,  a  major  question 
concerning  the  effects  of  spot  contamina- 
tion has  not  yet  been  answered.  Whether 
it  will  be  possible  to  complete  the  chem- 
ical analysis  of  a  particular  location  be- 
fore the  X-ray  intensities  change  signifi- 
cantly is  a  matter  of  considerable  concern 
even  though  every  possible  precaution 
has  been  or  will  be  taken  to  minimize  the 
total  time.  The  electron  beam  will  be  on 


only  when  X  rays  are  being  counted,  and 
in  addition  the  sealer-timers  have  been 
equipped  with  dual  presets  so  that  they 
may  be  operated  in  the  fixed  count  mode. 
If  the  count  rate  is  extremely  low,  the 
counting  will  be  stopped  when  the  preset 
time  is  reached.  Using  this  feature,  we 
may  accumulate  the  count  data  in  the 
minimum  time.  If  these  measures  are  not 
sufficient,  then  other  steps  such  as  the 
use  of  ion  pumps  or  other  devices  to  im- 
prove the  quality  of  the  vacuum  will  be 
necessary.  We  are  confident,  however, 
that  any  such  difficulties  will  be  over- 
come. 

Determination  of  Dead-Time  in 
X-Ray  Detector  Systems 

L.W.  Finger 

The  detection  and  counting  circuits  of 
an  X-ray  system  are  disabled  for  a  short 
period  of  time  following  the  arrival  of 
an  X-ray  photon.  This  period,  the  dead- 
time  (t)  ,  causes  nonlinear  response  of  the 
detector  system  at  high  incidence  rates. 
The  common  method  of  avoiding  serious 
difficulty  is  to  keep  the  input  data  rate 
below  104  counts/sec ;  the  resulting  losses 
are  usually  not  significant.  However, 
since  this  condition  may  not  always  be 
satisfied,  the  ability  to  correct  for  dead- 
time  losses  is  very  desirable.  Because  our 
Supper-Pace  diffractometer  is  operated  in 
the  step-scan  or  fixed-crystal,  fixed- 
counter  mode,  the  incidence  rate  is  con- 
stant during  a  measurement,  and  a  cor- 
rection may  be  made. 

An  equation  to  correct  for  counting 
losses  in  a  proportional  or  scintillation 
detector  was  proposed  by  Schiff  (1936). 
His  equation  uses  the  random  nature  of 
the  incoming  radiation  to  determine  the 
probability  of  two  photons  arriving 
within  time  t  of  each  other.  The  resulting 
equation  is 


N  =  N'eNT 


(1) 


where  N  is  equal  to  the  true  count  rate, 
N'  is  the  observed  rate,  and  t  is  the  dead- 
time  associated  with  the  counting  sys- 
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tern.  Equation  1  is  valid  provided  that 
the  resolving  time  of  the  detector  is  large 
relative  to  that  of  the  scaler,  i.e.,  losses 
are  confined  to  the  detector,  a  condition 
easily  met  here.  For  Geiger  counters  with 
a  dead-time  longer  than  the  charge  col- 
lection time,  Ruark  and  Brammer  (1937) 
derived  the  correction  equation 


-(it 


N'(1  —  No't) 

No' {1- N't)' 


(5) 


N  =  N'/(\  —  N't) 


(2) 


If  equations  1  and  2  are  solved  for  N'  and 
the  exponential  term  from  equation  1  is 
expanded  in  a  series,  it  may  easily  be 
shown  that  equation  2  is  a  first-order 
approximation  of  equation  1.  Although 
not  strictly  applicable,  equation  2  has 
been  used  to  correct  the  data  from  elec- 
tron microprobes  (Boyd,  Finger,  and 
Chayes,  Year  Book  67,  p.  210;  Heinrich, 
Vieth,  and  Yakowitz,  1965).  The  latter 
reference  describes  a  method  of  determin- 
ing the  dead-time  by  varying  the  electron 
beam  current,  and  if  it  were  possible  to 
measure  the  anode  current  in  the  X-ray 
tube,  this  method  could  be  used.  An  al- 
ternative procedure  involving  the  addi- 
tion of  several  absorbers  to  the  X-ray 
path  has  been  described  by  Lonsdale 
(1948)  and  Short  (1060).  This  technique 
requires  that  all  absorbers  be  identical 
and  that  the  curves  be  extrapolated  to  a 
linear  region.  Since  neither  of  these  con- 
ditions is  particularly  easy  to  meet,  a 
method  involving  a  single  absorber  has 
been  developed. 

If  we  assume  that  equation  2  applies 
(this  assumption  will  be  tested  later)  and 
indicate  the  absence  of  an  absorber  with 
a  subscript  of  zero,  then 

No  —  No'/(1-No't).  (3) 

If  an  absorber  with  thickness  t  and  linear 
absorption  coefficient  fx  is  placed  in  the 
beam,  the  count  rate  is  reduced  according 
to  the  equation 


If  the  absorption  factor,  e~ut,  could  be 
accurately  measured,  equation  5  could  be 
solved  for  the  dead-time.  On  the  other 
hand,  the  value  of  e'^  is  not  affected  by 
the  incident  count  rate  as  long  as  the 
spectral  distribution  of  the  input  beam 
is  unchanged.  If  the  results  of  counting 
with  and  without  the  absorber  for  two 
different  count  rates  are  inserted  into 
equation  5  the  result  is 


n 


Ni't       r2  —  N2't 


1  -  ivy? 


1  —  N*'i 


(6) 


with  u  =  (N'/N0')i.  Solving  equation  6 
for  r,  we  obtain 


ri  — r2 


-.   (7) 


N  =  N0e 


lit 


(4) 


with  N  equal  to  the  transmitted  count 
rate.  If  equations  2  and  3  are  substituted 
into  4  and  the  result  is  solved  in  terms  of 
e~ut,  the  result  is 


NSd-r^-NSd-n) 

For  each  pair  of  measurements  of  AV  and 
N',  a  value  for  the  dead-time  may  be 
calculated. 

The  results  of  equation  7  were  used  to 
determine  the  dead-time  for  the  scintilla- 
tion detector  used  on  the  Supper-Pace 
diffractometer  with  the  following  experi- 
mental conditions:  The  Nb-filtered  radia- 
tion from  a  Mo  tube  operated  on  a  con- 
stant potential  X-ray  generator  was  dif- 
fracted by  the  (062)  reflection  of  a  single 
crystal  of  olivine  with  the  pulse  height 
analyzer  set  to  accept  90%  of  the  incident 
spectrum.  The  X-ray  generator  was  op- 
erated at  38  kV  for  all  measurements, 
while  the  tube  current  was  varied  be- 
tween 8  and  22  ma.  In  Table  37  are  pre- 
sented the  data  obtained  at  the  various 
power  settings,  using  an  aluminum  sheet 
of  approximately  2  mm  thickness  as  an 
absorber.  All  possible  pairs  of  measure- 
ments from  the  table  were  used  in  equa- 
tion 7  to  solve  for  t,  and  the  results  were 
averaged  to  give  t  =  5  ±  1  /xsec.  The 
uncertainty  quoted  above  is  calculated 
from  the  observed  dispersion. 

The  assumption  involved  in  using 
equation  2  rather  than  1  may  now  be 
tested.  For  a  count  rate  of  20,000/sec  and 


GEOPHYSICAL     LABORATORY 


277 


TABLE  37.  Observed  Count  Rates  for  Various 
Power  Settings 


Count  Rate 

,  sec  1 

Tube  current,  ma 

Absorber 

In  No 

Absorber 

8 

1037 

9251 

10 

1200 

10598 

12 

1300 

11466 

14 

1364 

11987 

16 

1448 

12693 

18 

1537 

13438 

20 

1628 

14142 

22 

1687 

14682 

the  value  of  r  determined  above,  the 
error  introduced  by  this  assumption 
would  be  approximately  0.5%  and  is 
therefore  not  significant. 

A  Discussion  of  Pressure  Distribution 

in  Modern  Solid- Pressure-Media 

Apparatus 

P.  M.  Bell,  H.  K.  Mao,  and  J.  L.  England 

Six  research  groups,*  recognizing  the 
need  to  evaluate  the  extensive  collection 
of  geochemical  data  being  produced  with 
solid-pressure-media,  piston-cylinder  ap- 
paratus, have  collaborated  in  an  inter- 
laboratory  determination  of  the  albite  <=* 
jadeite  +  quartz  transition  at  600  °C 
(Bell  and  Mao,  Year  Book  69,  p.  169). 
This  determination  has  afforded  an  op- 
portunity to  identify  errors  in  pressure 
measurement,  to  establish  their  cause, 
and  to  gain  an  understanding  of  the  com- 
plex mechanical  interactions  of  the  vari- 
ous parts  of  a  high-pressure  cell.  The 
present  discussion  is  concerned  with  an 
analysis  of  the  pressure  distribution  in 
solid-media  apparatus,  based  in  part  on 
the  results  of  the  six  determinations  and 
in  part  on  two  independent  sets  of  meas- 

*The  investigators  are  P.  M.  Bell  and  H.  K. 
Mao,  Geophysical  Laboratory;  A.  L.  Boettcher, 
Pennsylvania  State  University;  D.  Chipman 
and  J.  F.  Hays,  Harvard  University ;  W.  Johannes, 
University  of  Gottingen;  R.  C.  Newton,  Uni- 
versity of  Chicago;  and  F.  Seifert,  University 
of  Bochum.  A  manuscript  is  now  in  press  (Con- 
tributions to  Mineralogy  and  Petrology). 


urements  on  other  transitions  carried  out 
at  the  Geophysical  Laboratory.  One  of 
these  additional  sets  includes  data  on  the 
Bii-n  transition,  measured  simultaneously 
in  two  parts  of  the  high-pressure  cell. 
The  other  set  includes  measurements  of 
pressures  in  mixtures  of  MgO  and  NaCl 
obtained  by  X-ray  diffraction  at  high 
pressure. 

Description  of  the  Errors 

Positive  indication  that  the  pressure 
distribution  in  solid-media  piston-cylin- 
der apparatus  is  not  ideally  hydrostatic 
was  revealed  in  a  study  by  Boyd  et  al. 
(Year  Book  65,  pp.  410-414)  in  which 
"friction"  was  measured  by  determining 
the  pressure  of  a  phase  transition  at  con- 
stant temperature.  The  only  errors  ob- 
served were  those  whose  sign  changed, 
depending  on  whether  the  piston  ad- 
vanced or  retracted  when  pressure  was 
applied  in  an  experiment.  Boyd  et  al. 
{Year  Book  65)  concluded  that  these 
errors  did  not  exceed  ±5%  of  the  pres- 
sure. In  a  later  study  Richardson,  Bell, 
and  Gilbert  {Year  Book  66,  p.  394)  con- 
firmed the  existence  of  frictional  errors 
of  ±5%  but  observed  an  additional  error 
as  well.  This  other  error  did  not  change 
sign  with  the  direction  of  piston  motion 
and,  combined  with  friction,  caused  a 
total  error  of  about  25%  of  the  pressure 
at  10  kb. 

The  first  kind  of  error  in  the  piston- 
cylinder  apparatus  is  caused  by  frictional 
losses  along  the  cylinder  wall.  This 
error  changes  sign  with  the  direction  of 
piston  travel.  At  fixed  T  a  given  transi- 
tion will  occur  at  a  higher  pressure-read- 
ing when  piston  motion  has  been  positive 
("piston-in")  than  when  piston  motion 
has  been  negative  ("piston-out"). 

The  second  kind  of  error  is  associated 
with  the  composite  nature  of  the  pressure 
cell.  These  errors  are  usually  difficult  to 
measure  and  many  of  them  are  not  de- 
tected in  routine  experiments.  This  kind 
of  error  is  related  to  the  compressibilities 
and  strengths  of  materials  in  the  cell.  For 
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example,  when  a  relatively  incompressi- 
ble solid  element  in  the  cell  presses 
against  the  sample,  a  pressure  higher  than 
the  mean  value  will  be  applied  to  the 
sample,  no  matter  what  the  direction  of 
piston  travel,  if  elastic  behavior  is  as- 
sumed. The  thermocouple  ceramic  and 
many  other  parts  of  the  cell  pictured  in 
Fig.  85C  could  cause  this  effect,  but 
clearly  if  the  solid  elements  pressing 
against  the  sample  were  relatively  com- 
pressible, the  sign  of  the  effect  would  be 
opposite.  Strengths  of  the  solid  elements 
limit  the  magnitude  of  this  effect. 

In  the  same  example  of  a  relatively  in- 
compressible element  pressing  on  the 
sample  during  the  instroke  of  the  piston, 
the  excess  pressure  on  the  sample  ap- 
proaches a  maximum  just  before  strong 
elements  of  the  cell  yield.  At  that  point 
some  of  the  excess  pressure  is  transferred 
to  the  more  compressible  material.  The 
process  could  be  complex  indeed,  com- 
bining plastic  flow  with  failure  in  shear. 
Most  probably  a  series  of  events  occur  as 
the  mean  pressure  is  increased.  Excess 
pressure  builds  up  in  the  incompressible 
element,  followed  by  subsequent  yielding 
and  loss  of  pressure  to  the  more  compres- 
sible elements.  In  this  example,  pressure 
on  the  sample  is  always  higher  than  the 
mean  pressure  as  long  as  piston-in  con- 
ditions are  maintained.  If,  however,  the 
piston  direction  is  changed  to  piston-out, 
pressure  on  the  sample  will  decrease  at  a 
higher  rate  than  the  mean  pressure.  As 
the  motion  of  the  piston  proceeds  in  the 
outstroke,  pressure  on  the  sample  will  be- 
come equal  to  and  then  less  than  the 
mean  pressure. 

It  is  a  useful  exercise  to  examine  the 
errors  from  frictional  losses  that  occur 
along  the  cylinder  walls  in  combination 
with  errors  arising  from  differing  com- 
pressibilities and  strengths  of  elements  in 
the  cell.  In  the  same  example  used  above, 
errors  of  friction  and  errors  resulting 
from  a  relatively  incompressible  element 
pressing  on  the  sample  tend  to  cancel 
under  piston-in  conditions.  Under  piston- 
out  conditions,  the   errors   are   additive 


unless  yielding  occurs,  in  which  case  the 
errors  tend  to  cancel. 

Even  if  losses  along  the  cylinder  walls 
are  the  same  for  piston-in  and  piston-out 
directions,  the  combination  of  errors  can 
cause  the  pressure  range  of  piston-in  and 
piston-out  determinations  of  a  particular 
reaction  or  transition  to  be  asymmetric- 
ally disposed  about  the  true  value  of 
pressure.  Depending  on  the  actual  mag- 
nitude of  each  of  the  effects,  the  absolute 
pressure  of  a  particular  reaction  or  tran- 
sition may  not  even  fall  within  the  pres- 
sure range  of  the  piston-in  and  piston-out 
determinations,  even  if  the  errors  par- 
tially cancel. 

Errors  from  compressibility  and 
strength  differences  unfortunately  are 
not  confined  to  the  simple  type  of  exam- 
ple given,  where  an  element  or  column 
whose  properties  differ  from  the  sur- 
rounding pressure  media  presses  on  the 
sample.  Errors  in  the  sample  pressure 
reflect  pressure  gradients  in  all  parts  of  the 
cell,  particularly  in  the  vicinity  of  the 
sample  capsule  and  from  within  the  sam- 
ple itself. 

Data  and  Analysis 

Bii-u  transition.  The  piston-cylinder 
apparatus  was  used  for  instroke  meas- 
urements of  the  electrical  resistance 
changes  that  accompany  the  Bii_n  transi- 
tion. A  special  pressure  cell  was  em- 
ployed consisting  mostly  of  a  relatively 
compressible  material,  natural  talc,  and 
a  central  column  of  relatively  incom- 
pressible A1203  ceramic  and  fired  pyro- 
phyllite  normally  used  in  piston-cylinder 
experiments.  Figure  82  is  a  diagram  of 
the  cell,  showing  location  of  the  two 
pieces  of  bismuth.  Omitted  in  this  assem- 
bly are  the  graphite  furnace,  sample 
crucible,  and  protective  ceramic  sleeves 
of  a  routine  pressure  cell  (Fig.  85C). 

Data  were  taken  with  instroke  cycles 
(four  on  the  first  day,  two  on  the  fol- 
lowing days)  at  approximately  25 °C  dur- 
ing a  6-day  period.  Values  are  given  in 
Figure  83,  where  the  pressure  difference 
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Bismuth  ribbon  at    Q 


Pyrophil  lite 

Stainless  steel 

— Al203-ceramic 
^5?»-Gold  wires 

Bismuth  ribbon  at  "p' 

Pyrophyllite  (fired) 


Fig.  82.  Diagram  of  special  cell  for  bismuth 
experiment. 

AP  between  points  P  (Bi  piece  located 
inside  incompressible  column)  and  Q  (Bi 
piece  located  within  compressible  talc 
sleeve)  is  plotted  against  time.  As  the 
piston  advanced,  the  Bii-n  transition  was 
observed  at  P  and  Q,  giving  an  initial 
pressure  difference  of  12.5  kb  and  a  pres- 
sure difference  of  7.2  kb  after  6  days. 

In  all  likelihood,  both  types  of  error, 
those  due  to  frictional  losses  and  those 
due  to  differing  strengths  and  compressi- 
bilities, occurred  in  this  experiment.  The 
pressure  of  the  Bij.n  transition  was  close 
to  28  kb  at  Q  (talc)  in  every  case.  This 
value  differs  from  the  accepted  value  of 
25.50  ±  0.06  kb  (Hall,  1971).  The  tran- 
sition occurred  at  a  lower  "load  pressure" 
(16.2-21.5  kb)  at  P  than  at  Q.  It  ap- 
pears, then,  that  pressures   lower  than 
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Fig.  83.  Pressure  differences  of  the  Bii-n  tran- 
sition at  locations  P  and  Q  in  the  cell  shown  in 
Fig.  82. 


load  pressure  existed  at  Q,  and  pressures 
higher  than  load  pressure,  at  P.  Evi- 
dently some  of  the  excess  pressure  at  P 
was  reduced  as  the  central  column 
yielded,  but  was  observed  as  only  a  small 
pressure  decrease  at  Q  because  of  the 
much  larger  volume  of  talc. 

Albite  ^  jadeite  +  quartz  transitions. 
Results  of  the  interlaboratory  determina- 
tion of  albite  ^  jadeite  +  quartz  at 
600 °C  are  plotted  in  Fig.  84A.  In  some, 
the  "friction,"  being  the  difference  be- 
tween instroke  and  outstroke  pressures 
for  the  reaction,  is  0;  in  others  it  ap- 
proaches 3  kb,  or  approximately  20%  of 
the  pressure.  Most  significant  is  the  wide 
scatter,  where  some  of  the  ranges  of 
hysteresis  or  "double  values  of  friction" 
do  not  coincide  or  even  overlap.  The  dif- 
ferences can  be  ascribed  to  variations  of 
materials  and  procedures.  Clearly  the 
two  types  of  error  described  above  have 
occurred.  In  all  experiments  water  was 
added  to  the  sample  charges,  so  intui- 
tively the  sources  of  error  should  be 
primarily  confined  to  parts  of  the  assem- 
bly other  than  the  sample.  In  practice, 
however,  it  is  impossible  to  avoid  inti- 
mate contact  of  the  different  sample 
phases  in  this  type  of  experiment,  and  a 
contribution  to  the  error  from  within 
the  sample  grains  cannot  be  avoided. 

Pressure  measurement  of  MgO-NaCl 
mixtures.  In  this  study,  mixtures  of  MgO 
and  NaCl  were  X-rayed  while  under 
pressure  in  a  diamond  cell  described  by 
Bassett,  Takahashi,  and  Stook  (1967). 
X-ray  diffraction  patterns  of  MgO  (rela- 
tively incompressible)  and  NaCl  (rela- 
tively compressible)  were  obtained  simul- 
taneously, the  pressure  in  each  being 
determined  from  known  equations  of 
state.  These  experiments,  though  made 
in  a  pressure  cell  with  different  pressure 
distribution  than  the  piston-cylinder  cell, 
were  conducted  for  the  purpose  of  ob- 
taining direct  measurements  of  pressure 
differences  in  two  materials  of  widely 
differing  compressibility.  Both  materials 
have  physical  properties  similar  to  those 
of  materials  used  in  the  piston-cylinder 
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Fig.  84.  (A)  Ab  ±±  Jd+  Qtz  determinations  at  600 °C  (plus  sign,  Jd  +  Qtz  grew;  dot,  albite 
grew).   (B)  Corrected  values  of  (A). 

cell  and  to  those  of  common  sample  mix-     material,  the  pressure  intensification  (P<) 
tures.  can  be  approximated  (after  Jamieson  and 

The  effect  of  intensifying  pressure  in  a  Olinger,  1971)  : 
strong  incompressible  material  by  trans- 
mitting pressure  through  a  strong  com- 
pressible shell  or  jacket  has  been  pre- 
viously demonstrated  theoretically  (Bo- 
browsky,  1963;  Corll  and  Warren,  1965). 
For  a  sphere  of  compressible  material 
surrounded  by  a  shell  of  incompressible 


['+*£?]/ 


[-2(1-2,,)/       jw  nV 

(l+ir)  \      ~B2)\r2) 
(l  +  «r)     '  B2\ 
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where  a  =  Poisson's  ratio  of  the  shell, 
and  7*1,  r2  and  B1}  B2  radii  and  bulk 
moduli  of  sphere  and  shell,  respectively. 
For  MgO  and  NaCl,  this  reduces  to 


Pi  = 


2.57 


(ri/r2)3  +  1.57 


In  elastic  compression,  if  the  outer  shell 
is  thick,  Pi  approaches  a  maximum  of  1.6 
(close  to  that  measured  in  the  Bii_n  ex- 
periments and  to  the  value  predicted  for 
mixtures  of  Nb-NaCl  by  Jamieson  and 
Olinger,  1971). 

In  the  present  experiments  the  mixture 
of  NaCl/MgO  was  approximately  1:1, 
with  Pi  slightly  greater  than  1  if  the 
spherical  model  is  assumed.  This  mix- 
ture was  chosen  to  promote  grain  to  grain 
contact  of  MgO.  From  the  data  given  in 
Table  38  it  can  be  seen  that  the  pressure 
in  NaCl  is  always  higher  than  in  MgO 
even  though  the  NaCl  is  more  compres- 
sible. This  observation  can  be  interpreted 
as  a  demonstration  of  the  example  that 
when  the  incompressible  material  has 
yielded,  the  mean  pressure  has  fallen  and 
the  excess  pressure  has  been  transferred 
to  the  compressible  material. 

Summary 

In  view  of  the  various  errors  produced 
above  with  solid  pressure  media,  there  is 
need  for  reference  data  determined  in  a 
wide  range  of  pressures  and  temperatures 
under  nearly  hydrostatic  conditions.  In 
lieu  of  such  data,  and  recognizing  errors 
in  normal  procedure,  experimenters  have 
frequently  applied  pressure  corrections, 
either  calculated  or  obtained  empirically. 
In  spite  of  the  arbitrary  nature  of  such 
corrections,  but  in  realization  of  the  need 

TABLE  38.  Pressures  Measured  in  Mixtures  of 
NaCl  and  MgO  by  X-Ray  Diffraction 

PNaci,kb        Pmso,  kb         Proportions,  by  weight 


24.2 

13.5 

1:1 

31.9 

22.0 

1:1 

14.2 

14.8 

1:1 

26.9 

14.2 

5:1 

for  them  in  practice,  data  of  Fig.  84A 
have  been  "corrected"  by  the  various  in- 
vestigators and  replotted  in  Fig.  84B. 
The  agreement  is  good,  although  the 
value  is  only  relative,  and  systematic 
errors  reflecting  inhomogeneous  stress 
distributions  may  still  be  present  in  all 
the  data. 

Tensional    Errors    and    Drift    of 
Thermocouple  Electromotive  Force 
in  the  Single-Stage,  Piston- 
Cylinder  Apparatus 

H.  K.  Mao,  P.  M.  Bell,  and  J.  L.  England 

Although  thermocouples  are  the  most 
sensitive  device  for  detection  and  meas- 
urement of  high  temperatures  in  single- 
stage,  piston-cylinder  apparatus,  they 
are  subject  to  many  sources  of  error  from 
mechanical  and  chemical  interaction  with 
various  parts  of  the  high-pressure  cell. 
Inherent  random  uncertainties  and  cor- 
rections for  systematic  errors  for  Pt/Pt 
10%  Rh  and  W  3%  Re/W  25%  Re  were 
reported  previously  (Year  Book  69,  pp. 
207-216).  The  purpose  of  the  present 
study  was  to  determine  and  measure  ad- 
ditional sources  of  error,  namely,  those 
caused  by  tension  of  thermocouple  wires 
and  those  that  result  in  the  drift  (change 
of  thermocouple  emf  with  time)  from 
calibrated  values.  Tensional  errors  as 
large  as  10  °C  and  drifts  of  temperature  of 
as  much  as  150°C  were  noted  in  these 
experiments. 

Basic  Calibration 

Pieces  of  each  wire  were  sent  to  the 
Engelhard  Company  and  to  the  National 
Bureau  of  Standards  for  special  calibra- 
tion. The  results  are  summarized  in 
Table  39.  On  the  basis  of  these  calibra- 
tions and  the  known  limits  of  variation 
within  each  spool  of  wire,  it  can  be  stated 
that  for  the  particular  wires  of  this  study, 
a  thermocouple  of  W  3%  Re/W  25%  Re 
will  read  +6°  ±  1.0 °C  differently  from  a 
Pt/Pt  10%  Rh  thermocouple  at  1000°C 
before  introduction  into  the  high-pressure 
apparatus.  This  is  better  than  the  manu- 
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TABLE  39.  Calibrations  of  Thermocouples  at  1000  °C 


Thermocouple 


Deviation, 
±0.5  °C 


Testing 
Laboratory 


Standard 


1.  W3%Re/W25%Re 

2.  W3%Re/W25%Re 

3.  Pt/Pt  10%  Rh 

4.  Pt/PtlO%Rh 


+3  Engelhard  R&D 

+  1.5  NBS,  HeatDiv. 

-4  Engelhard  R&D 

-3  NBS,  Heat  Div. 


NBS  type  B  (Pt/Pt  10%  Rh) 
NBS  Pt/Pt  10%  Rh  (calibrated) 
Thermocouple  1,  corrected  against 

NBS  type  B  (Pt/Pt  10%  Rh) 
NBS  Pt/Pt  10%  Rh  (calibrated) 


facturer  claims  (±2.5°C  for  Pt/Pt  10% 
Rh  and  ±10°C  for  W  3%  Re/W  25% 
Re,  giving  a  combined  uncertainty  of 
±12.5°C  at  1000°C). 

Measurement  of  Tensional  Error 

Piston-cylinder  experiments  routinely 
involve  cycles  of  pressure  and  tempera- 


ture where  the  internal  furnace  cell  con- 
tracts and  expands  (Richardson,  Bell, 
and  Gilbert,  1968).  When  the  experi- 
ments were  made  for  random  and  sys- 
tematic errors  ( Year  Book  69) ,  there  ap- 
peared to  be  residual  emf  at  the  end  of 
cycles,  possibly  resulting  from  corre- 
sponding   residual    strains    within    the 
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Fig.  85.  (A)  Diagram  of  single-wire  tension  experiment.  (B)  Six-way  common  junctions  of  four 
wires.  (C)  Cross  section  of  the  Boyd-England  pressure  cell.  (D)  Modified  pressure  cell;  thermo- 
couple assembly  surrounded  by  Pyrex  glass.  (E)  Cross  section  of  thermocouple;  all  wires  exposed 
to  Pyrex.   (F)  Cross  section  of  two  single-wire  junctions;  one  leg  of  each  exposed  to  Pyrex. 
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thermocouple  wires  (Year  Book  69,  p. 
213),  which  would  cause  an  error  addi- 
tive to  those  from  compressive  stresses 
during  the  same  or  different  parts  of  a 
cycle.  To  evaluate  the  order  of  magni- 
tude of  tensile  strength  and  to  obtain  a 
better  determination  of  the  effect  of  stress 
in  general,  experiments  were  designed  to 
measure  the  effect  of  uniaxial  loading  of 
the  four  wires  Pt,  Pt  10%  Rh,  W  3%  Re, 
and  W  25%  Re.  As  depicted  in  Fig.  85A, 
a  continuous  piece  of  wire  was  used,  part 
of  which  was  loaded  in  tension  and  part 
of  which  was  free,  the  junction  of  the  two 
parts  being  held  at  a  constant  high  tem- 
perature at  1  atm.  In  both  wires  elastic 
deformation  is  less  than  0.1%.  The  emf 
was  read  between  the  loaded  and  free 
ends,  and  the  temperature  difference  be- 
tween junction  and  measuring  points  at 
the  ends  of  the  wires  was  determined  in- 
dependently. Values  (emf  in  juv)  for  a 
piece  of  Pt  wire,  effectively  making  a 
Ptioaded/Ptfree  thermocouple,  are  plotted 


against  temperature  (°C)  in  Fig.  86A. 
For  Pt  10%  Rh,  values  are  plotted  in  Fig. 
86B.  Significantly,  the  magnitude  of  the 
effect  is  a  factor  of  3  greater  than  that 
produced  by  hydrostatic  pressure  alone 
(Getting  and  Kennedy,  1970) . 

Remarkably  different  results  were  ob- 
served for  the  wires  of  W-Re  alloy.  Al- 
though the  temperature-emf  plot  is  a 
smooth  curve  for  various  values  of  ten- 
sional  loading,  in  each  case  a  double 
valued  function  was  obtained  (Fig.  86C, 
D).  The  rate  of  increase  of  Aemf  of  W 
3%  Re  at  a  tensional  stress  of  5.81  kb 
with  temperature  is  high  (0.1  /av/°C). 

The  tensile  strengths  of  the  thermo- 
couple wires  tested  in  this  study  are  re- 
ported in  Table  40.  Compressive  strengths 
will  be  greater.  In  a  high-pressure  cell, 
elastic  strain  can  be  stored  within  the 
wires  and  the  component  of  nonhydro- 
static  stress  can  be  much  higher  or  lower 
than  the  mean  hydrostatic  stress  of  the 
cell.  In  many  of  the  experiments  involv- 
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Fig.  86.  Single-wire  emf  at  different  tensional  loads.    (A)  Pt.    (B)  Pt  10%  Rh.   (C)  W  25%  Re. 
(D)  W  3%  Re. 
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TABLE  40.  Tensile  Strengths  of  Thermocouple 
Wires  for  Times  of  Less  than  1  Hour  at  1  Atm 


Approximate  Ten- 

sile  Strength  at 

High  Tempera- 

Approximate 

ture 

Tensile  Strength. 

Wire 

kbat25°C 

kb 

T,  °C 

Pt 

1.4 

0.7 

600 

Pt  10%  Rh 

3.2 

1.6 

900 

W  3%  Re 

16 

16 

900 

W  25%  Re 

18 

18 

900 

ing  cycling  of  pressure  mechanical  failure 
of  the  wires  occurs.  This  failure  is  in- 
controvertible evidence  that  the  wire  has 
experienced  great  tension.  Combined 
effects  of  one  thermocouple  leg  in  com- 
pression and  the  other  in  tension,  when 
additive,  could  amount  to  60-100  /xv.  At 
1000  °C  this  corresponds  to  an  error  of 
6°-10°C.  Therefore,  unusual  hysteresis 
loops  in  emf  on  cycling  pressure,  such  as 
those  noted  by  Getting  and  Kennedy 
(1970) ,  could  be  caused  by  stresses  within 
the  wires  themselves  and  not  be  directly 
related  to  hysteresis  loops  of  mean  pres- 
sure on  the  cell.  Measured  emf  carries  an 
error  from  hydrostatic  pressure  super- 
imposed upon  errors  from  uniaxial  ten- 
sion in  parts  of  thermocouple  wires. 
Hysteresis  in  thermocouple  emf  is  there- 
fore to  be  expected  on  cycling  tempera- 
ture and  pressure.  Loops  of  hysteresis 
will  not  usually  be  symmetrical  in  error 
of  emf,  and  the  calibrated  emf  at  a  par- 
ticular temperature  may  conceivably  lie 
outside  a  hysteresis  loop. 

Thermocouple  Drift 

Although  precise  documentation  is 
lacking,  there  have  long  been  many  clear 
inferences  from  experiments  that  Pt/Pt 
10%  Rh  thermocouples  are  unstable  in 
emf  in  solid-media,  piston-cylinder  ap- 
paratus (Boyd  and  England,  1963;  Wil- 
liams and  Kennedy,  1969).  The  cause  of 
instability  has  been  attributed  to  chem- 
ical contamination  in  the  high-pressure 
furnace  cell.    It  has  been  thought  that 


traces  of  iron  and  carbon,  or  unidentified 
contaminants  associated  with  ceramics 
and  solid  pressure  media,  might  diffuse 
into  thermocouple  wires.  Processes  such 
as  self-diffusion,  where,  for  example,  Rh 
from  the  Pt  10%  Rh  alloy  contaminates 
the  wire  of  pure  Pt,  are  known  to  lead  to 
incorrect  values  of  temperature. 

As  a  point  of  reference,  the  W-Re  wires 
were  assumed  to  be  unsusceptible  to  con- 
tamination and  drift,  and  their  emf's 
were  held  constant.  This  assumption  was 
based  on  earlier  experience  during  this 
study  (Year  Book  69,  p.  211)  and  on  re- 
ported behavior  (Williams  and  Kennedy, 
1969).  As  will  be  seen  in  the  ensuing 
determinations,  the  assumption  is  not 
totally  valid,  but  it  does  not  substantially 
affect  the  results,  which  were  deduced 
from  an  interplay  of  emf  values  of  single 
wires  in  an  array  of  six  thermocouples. 

In  Fig.  87A,  B,  C,  data  are  summarized 
for  measurements  of  Pt/Pt  10%  Rh,  W 
25%  Re/Pt,  and  W  3%  Re/Pt  10%  Rh 
thermocouples  measured  at  20  kb  with 
insulation  of  high-purity  alumina  ex- 
posed to  Pyrex  glass  (Fig.  85C,  E).  Seri- 
ous drift  seems  to  be  confined  to  tempera- 
tures above  1300 °C,  where  a  nearly 
constant  drift  occurs,  curiously  independ- 
ent of  temperature,  to  1600°C.  The 
greatest  drift  at  1600°C  is  approximately 
30  °C  after  3  hours.  Drift  is  largely  re- 
duced if  the  wires  are  completely  covered 
in  high-purity  alumina,  implying  that 
"porcelain"  is  a  source  of  contamination 
or  an  ineffective  shield  from  contami- 
nants originally  in  another  part  of  the 
cell.  The  "maximum"  drifts  measured 
could  actually  be  minimum  values,  taking 
into  account  possible  drift  of  the  W-Re 
reference  thermocouple  in  the  same  direc- 
tion. 

Drift  of  the  W-Re  reference  was  esti- 
mated by  measurement  of  the  single- 
wire  emf's  of  two  W-Re  thermocouples — 
one  encased  in  alumina  (McDanel  997) ; 
the  other  exposed  to  Pyrex  glass  (Fig. 
85D,  F).  Plotted  in  Fig.  87D  is  Aemf 
with  time  for  W  3%  Re  (997) /W  3%  Re 
(Pyrex)  and  W  25%  Re  (997) /W  25% 
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Re  (Pyrex)  at  1600°,  1700°,  and  1850°C  in 
a  single  experiment  at  20  kb.  In  the  times 
plotted,  the  relative  drift  between  W  3% 
Re  and  W  25%  Re  was  significant  at 
1850°C.  This  drift  is  still  small  indeed 
when  compared  with  the  duplicate  experi- 
ment for  Pt  and  Pt  10%  Rh  at  lower 
temperature  (1500°C)  (Fig.  87E).  In  an 
experiment  of  a  type  described  in  last 
year's  report  {Year  Book  69,  Fig.  47)  the 
results  (Fig.  87F)  showed  that  the  great- 
est error  in  the  W-Re  thermocouple  at 
1900°C,  20  kb,  is  caused  by  drift  of  the 
W  3%  Re  wire  (Fig.  85B,  configuration 
II). 

Combined  Uncertainties  and  Corrections 

All  errors  measured  for  tension  and  for 
drift  are  listed  in  Table  41  with  random 


and  systematic  errors  reported  for  the 
effect  of  pressure.  The  errors  listed  are 
approximations  of  the  data,  with  con- 
siderable nonlinearity  introduced  in  the 
error  from  hydrostatic  pressure.  Un- 
certainties and  corrections  are  useful  for 
comparison  of  data  measured  with  the 
two  thermocouples  and  the  various  types 
of  insulation.  The  best  combination  for 
future  experiments  at  temperatures  of 
1700°C  and  lower  appears  to  be  the  W 
3%  Re/W  25%  Re  thermocouple  insu- 
lated with  Pyrex  glass  (combined  un- 
certainty, approximately  ±0.5%  T°C  -\- 
0.2%  !FoC/10  kb).  Above  1700°C  the 
W-Re  thermocouple  should  probably  be 
insulated  with  high-purity  alumina  (997; 
±0.7%  T°C  +  0.2%  !ToC/10  kb)  for 
experiments  lasting  several  hours. 


PHASE-EQUILIBRIUM    STUDIES    OF    NATURAL 
AND     SYNTHETIC    SULFIDE     SYSTEMS 


•    The  Fe-S-0  System 

Oxidation    of   Pyrrhotites   and    the 
Formation  of  Anomalous  Pyrrhotite 

L.  A.  Taylor 

It  is  commonly  accepted  that  most  na- 
tural sulfide  mineral  assemblages  are 
representative  of  phase  relations  not  far 
removed  from  room  temperature,  regard- 
less of  the  initial  temperature  of  their 
formation.  It  is,  therefore,  of  utmost  im- 
portance that  we  develop  valid  criteria 
for  deciphering  the  environmental  history 
of  these  minerals.  With  this  objective  in 
mind,  a  study  was  undertaken  of  the  low- 
temperature  formation  of  some  pyrrho- 
tites. 

Pyrrhotites,  the  second  most  abundant 
sulfides  in  nature,  actually  consist  of  a 
group  of  minerals  with  similar  optical, 
morphologic,  and  X-ray  diffraction  prop- 
erties. In  fact,  the  majority  of  natural 
pyrrhotite  specimens  are  intimate  two- 
phase  intergrowths  of  hexagonal  (h-po) 
and  monoclinic  (m-po)  forms  (Arnold, 
1967).   The  h-po  usually  has  a  composi- 


tion near  47.3  atomic  %  Fe  and  m-po,  a 
composition  near  46.7  atomic  %  Fe  (i.e., 
Fe7S8). 

X-ray  diffractograms  of  m-po  usually 
show  a  characteristic  splitting  of  the 
(10-2)  reflection  into  two  peaks,  the 
(408) -(228)  and  the  (408) -(228)  reflec- 
tions. With  a  mixture  of  h-po  and  m-po 
the  (10-2)  of  the  h-po  is  superimposed 
on  the  (408) -(228)  peak  of  the  m-po,  re- 
sulting in  a  greater  intensity  for  this  peak 
versus  the  (408) -(228).  Thus,  with  na- 
tural or  synthetic  specimens,  when  the 
lower  20  peak— the  (408) -(228)— is  the 
larger  of  the  two  resolved  peaks,  it  is 
attributed  to  the  presence  of  h-po  in 
addition  to  the  m-po  (Arnold,  1966) . 

Frequently,  however,  the  reverse  situa- 
tion is  encountered,  i.e.,  ^j08>^408  Clark 
(1966),  during  his  experimental  work  on 
the  m-po-pyrite  solvus,  first  recognized 
this  unusual  feature  for  pyrrhotites  on 
the  solvus  below  200 °C.  He  mentioned 
that  this  feature  may  result  from  the 
presence  of  a  stable  triclinic  symmetry  or 
from  the  disequilibrium  formation  of  an 
anomalous,  metastable,  distorted  crystal 
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owing  to  incipient  pyrite  exsolution.  He 
found  the  composition  of  this  anomalous 
pyrrhotite  to  be  46.4  atomic  %  Fe,  the 
most  sulfur-rich,  low-temperature  pyr- 
rhotite composition  found  experimentally. 

This  anomalous  pyrrhotite  (A-po)  ap- 
pears to  be  rather  widespread,  particu- 
larly in  sulfide  assemblages  from  low- 
temperature,  sedimentary  environments 
(Clark,  1966).  It  has  been  described 
from  Cerro  de  Pasco,  Peru  (Einaudi, 
1968) ;  the  Silverfields  mine,  Cobalt,  On- 
tario (Taylor,  1968,  1970) ;  the  Corona- 
tion Mine,  Saskatchewan  (Arnold  and 
Ferris,  1969) ;  Ulojarvi,  Finland  (Clark 
and  Taylor,  1970) ;  and  several  other 
localities  (Clark,  1970).  This  A-po  typ- 
ically occurs  as  borders  and  apparent 
reaction  rims  on  normal  m-po  and  thus 
gives  indication  of  definitely  being  later 
than  the  m-po.  However,  what  is  the 
significance  of  this  A-po? 

During  the  present  study,  homogeneous 
pyrrhotites  of  various  compositions  were 
prepared  at  700  °C  from  Fe  and  S  of 
99.99+%  purity.  Sealed,  evacuated  silica 
tubes  were  used  as  reaction  vessels.  These 
pyrrhotites  were  ground  and  then  heated 
in  air  at  250°  and  150°C.  At  regular 
intervals,  samples  of  these  pyrrhotites 
were  subjected  to  X-ray  diffraction  anal- 
yses to  determine  the  phases  present  and 
their  compositions.  The  c?i0.2-versus- 
composition  curve  of  Arnold  (1962),  as 
modified  by  Toulmin  and  Barton  (1964) , 
was  used. 

Figure  88  depicts  the  approximate  path 
that  a  pyrrhotite  will  follow  during  oxi- 
dation. At  first  the  pyrrhotite  becomes 
increasingly  iron-deficient,  as  shown  by 
the  tie  lines  in  Fig.  88,  until  the  composi- 
tion of  the  solid  phases  passes  into  the 
univariant  field,  h-po  +  m-po  +  mg- 
Further  oxidation  produces  the  A-po 
phase  with  the  asymmetrical  (10-2)  re- 
flections. Additional  time  results  in  the 
formation  of  pyrite,  and  the  pyrrhotite 
(10-2)  reflection  becomes  diffuse,  i.e.,  the 
splitting  into  two  distinct  peaks  is  gone 
and  the  integrated  intensity  is  greatly 
decreased.    The  supercell  reflections  are 


250°C 


Fig.  88.  Schematic  diagram  of  a  portion  of 
the  Fe-S-0  system  at  250  °C  illustrating  the 
oxidation  of  pyrrhotites,  as  modified  after  Kul- 
lerud  (Year  Book  56).  Abbreviations:  mg,  mag- 
netite; h-po,  low-temperature  hexagonal  pyr- 
rhotite; m-po,  monoclinic  pyrrhotite;  A-po, 
anomalous  pyrrhotite ;  py,  pyrite. 


also  very  diffuse.  The  diffuse  reflections 
may  be  a  result  of  distortion  of  the  crys- 
tal structure  caused  by  incipient  pyrite 
exsolution.  Heating  of  this  sample  at 
350 °C  for  10  minutes  in  a  sealed,  evacu- 
ated silica  tube  results  in  the  formation 
of  a  sharp  h-po  (10-2)  reflection.  The 
composition  of  this  phase  is  46.4  ±  0.2 
atomic  %  Fe,  similar  to  that  reported  by 
Clark  (1966). 

Tracings  of  the  (10-2)  reflections,  for 
an  initially  homogeneous  h-po  with  47.0 
atomic  %  Fe,  taken  after  successive 
periods  of  oxidation  at  250  °C  are  shown 
in  Fig.  89.  This  47.0  atomic  %  Fe  com- 
position is  within  the  h-po  +  m-po  field 
(Taylor,  Year  Book  68),  and  the  high- 
temperature  starting  material  first  equi- 
librates to  this  assemblage.  The  various 
stages  of  oxidation  discussed  above  are 
depicted  in  Fig.  89.  This  general  scheme 
of  oxidation  is  the  same  for  pyrrhotites 
regardless  of  the  starting  composition. 

These  oxidation  experiments  are  illus- 
trative of  several  points.  More  sulfur- 
rich  compounds  (e.g.,  FeS2)  can  be  pro- 
duced from  an  initially  sulfur-poor  com- 
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Fig.  89.  The  (10-2)  reflections  of  pyrrhotite  after  oxidation  in  air  at  250°C.  Starting  material 
was  high-temperature  hexagonal  pyrrhotite  of  47.0  atomic  %  Fe  composition.  Abbreviations:  h-po, 
hexagonal  pyrrhotite;  m-po,  monoclinic  pyrrhotite;  A-po,  anomalous  pyrrhotite. 


pound  (e.g.,  Fei-JS)  through  oxidation 
processes.  The  effective  sulfur  fugacity  is 
increased  and  the  activity  of  Fe  is  de- 
creased without  the  addition  of  sulfur, 
and  these  processes  undoubtedly  produce 
many  of  the  commonly  observed  se- 
quences of  mineral  formation  in  ore  de- 
posits (see  also  Taylor  and  Kullerud, 
Year  Book  69,  on  Cu-Fe-S-0  assem- 
blages). 

The  A-po  has  not  been  characterized  as 
a  distinct  mineral  in  ore  deposits.  Both 
from  its  occurrences  and  the  experiments 
conducted  during  the  present  study,  how- 
ever, it  would  appear  to  be  a  product  of, 
and  perhaps  indicative  oj,  oxidation  'proc- 


esses. It  has  been  formed  at  250 °C,  a 
contradiction  of  Clark's  (1966)  200°C 
upper  stability  temperature. 

The  first  description  of  natural  occur- 
rences of  A-po  was  presented  by  Einaudi 
(1968).  He  reported  that  this  A-po  does 
not  have  the  ferrimagnetic  properties 
that  m-po  possesses.  Clark  (1970)  has 
recently  substantiated  this  fact,  using 
magnetic  colloid  suspensions.  He  found 
that  A-po  displayed  only  a  very  weak 
magnetic  behavior  and  is  magnetically 
very  similar  to  h-po  (i.e.,  antiferromag- 
netic) .  A  failure  to  distinguish  A-po  from 
normal  m-po  could  result  in  significant 
losses  during  ore-dressing  processes. 
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Observations  on  the  Occurrence  and 
Stability  of  Smythite,  Fe3.2sS4 

L.  A.  Taylor  and  H.  K.  Mao 

The  mineral  smythite  was  first  de- 
scribed by  Erd,  Evans,  and  Richter 
(1957)  as  an  iron  sulfide,  Fe3S4,  which 
occurred  in  geodes  in  Indiana.  Taylor 
{Year  Book  68;  1970)  discussed  the  com- 
position and  stability  of  smythite  and 
came  to  the  conclusion  that  it  has  the 
composition  Fe3.25S4  (/ — 'Fe9Sn)  and  was 
stable  only  below  > — 75  °C.  He  discussed 
the  paucity  of  smythite  in  nature  and 
stated  that  it  should  be  common  as  a  low- 
temperature  phase  in  association  with 
monoclinic  pyrrhotite  (m-po). 

Within  the  last  year,  smythite  has 
been  found  in  several  Ni  deposits  in  Can- 
ada and  in  many  supergene  Ni  ores  in 
Australia  (Nickel,  1971 ;  J.  Graham,  per- 
sonal communication,  1971).  In  each 
occurrence  it  is  intimately  intergrown 
with  m-po,  and  without  exception  the 
composition  was  determined  to  be 
(Fe,Ni)  3.25S4- in  agreement  with  Taylor 
(Year  Book  68).  Therefore,  it  can  be 
stated  that  smythite  does  not  have  an 
Fe3S4  composition  and  thus  is  not  a  poly- 
morph of  greigite  (Skinner,  Erd,  and 
Grimaldi,  1964).  Desborough  and  Cza- 
manske  (M.  Fleischer,  personal  com- 
munication, 1969)  had  proposed  the  name 
robertsite  for  an  Fe,Ni  sulfide  — 
(Fe,Ni)9Sn — which  may  be  a  nickelifer- 
ous  smythite-like  mineral  with  a  slightly 
different  structure.*  The  smythite  in  the 
Canadian  Ni  ores  also  contains  up  to  7.5 
wt  %  Ni  (Nickel,  1971).  It  would  appear 
that  at  low  temperatures  a  ternary  solid 
solution  exists  in  the  Fe-Ni-S  system  that 
extends  to  the  Fe-S  system.  Perhaps  the 
development  of  the  phase  relations  is 
similar  to  that  determined  by  Craig 
(Year  Book  66)    for  the  violarite    (Fe 

*  The  structure  of  smythite  was  shown  by- 
Taylor  {Year  Book  68)  to  be  based  not  on  the 
space  group  RSm  as  commonly  accepted  but 
possibly  on  a  primitive  hexagonal  or  monoclinic 
cell. 


Ni2S4)  region  of  the  ternary  system. 

The  oxidation  experiments  described  in 
the  previous  section  provide  a  plausible 
explanation  for  the  now  commonly  ob- 
served association  of  smythite  and  m-po. 
Smythite  occurs  as  flamelike  forms  in 
m-po  extending  inward  from  the  margins 
of  the  pyrrhotite  grains  and  is  commonly 
with  an  assemblage  that  includes  mag- 
netite (Nickel,  1971).  In  these  cases,  it 
would  appear  that  smythite  forms  sec- 
ondarily as  an  oxidation  product  of  m-po 
at  conditions  not  far  removed  from  room 
temperature  and  pressure ;  at  higher  tem- 
peratures, above  the  maximum  thermal 
stability  of  smythite  (i.e.,  75°C),  this 
oxidation  would  lead  to  the  formation  of 
anomalous  pyrrhotite  (A-po) .  This  would 
not  be  a  process  of  sulfidation  sensu 
stricto,  for  sulfur  is  not  added  to  the 
system  but  rather  the  activity  of  sulfur 
is  increased  and  the  activity  of  iron  is 
decreased  as  a  result  of  oxidation. 

On  the  basis  of  volume  considerations 
for  the  observed  breakdown  of  smythite 
to  m-po  -j-  pyrite  (py),  Taylor  (Year 
Book  68)  calculated  that  the  upper  sta- 
bility curve  for  smythite  should  have  a 
pronounced  negative  slope,  i.e.,  increased 
pressure  lowers  the  maximum  thermal 
stability.  Smythite,  collected  at  Boron, 
California,  and  kindly  provided  by  Dr. 
R.  C.  Erd,  was  also  analyzed  during  the 
present  study  as  Fe3.25S4.  This  sample 
was  compressed  at  150  ±  30  kb  and  22  °C 
in  a  diamond-anvil,  high-pressure  cell 
(Bassett,  Takahashi,  and  Stook,  1967) 
and  X-rayed  at  pressure  with  the  use  of 
Ka  radiation  from  an  Mo  source  and 
exposure  time  of  14  days.  The  smythite 
transformed  to  pyrrhotite.  No  evidence 
was  found,  either  optically  or  by  X-ray, 
of  any  py.  Apparently  the  smythite 
changed  to  a  pyrrhotite  of  the  same  com- 
position. It  was  not  possible  to  determine 
the  type  of  pyrrhotite  (i.e.,  hexagonal 
versus  monoclinic).  This  pyrrhotite  per- 
sisted metastably  at  22 °C  and  1  bar  of 
pressure.  Smythite  was  also  compressed 
at  20  kb  and  22°C  for  10  days  in  the 
Boyd    and    England   single-stage   press. 
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The  smythite  remained  unchanged ;  how- 
ever, this  result  may  be  simply  a  reflec- 
tion of  the  sluggishness  of  the  reaction  at 
22  °C. 

Oil  the  basis  of  elevated-temperature 
X-ray  diffraction  analyses  of  smythite 
from  Cobalt,  Ontario,  Taylor  (1970) 
found  a  rapid,  reversible  first-order  tran- 
sition at  65°  ±  7°C.  He  stated  that  per- 
haps the  breakdown  of  smythite  to  m-po 
+  py  involves  the  formation  of  a  high- 
temperature  (i.e.,  >  65°C)  metastable 
polymorph  as  an  intermediate  step,  simi- 
lar to  the  breakdown  of  m-po  to  a  meta- 
stable h-po  of  the  same  composition 
(Taylor,  Year  Book  68).  The  pressure- 
induced  transformation  of  smythite  may 
represent  such  an  intermediate  step,  and 
with  longer  times  at  pressure,  this  pyr- 
rhotite  will  exsolve  py  and  change  com- 
position to  a  position  on  the  m-po-py 
solvus.  It  is  also  possible  that  the  m-po- 
py  solvus  is  extended  more  toward  py  at 
high  pressures.  The  present  low-tempera- 
ture data  on  pyrrhotites,  however,  do  not 
lead  to  any  meaningful  calculations  con- 
cerning this  possibility. 

Py  rite-Magnetite  Stability  Relations 
L.  A.  Taylor  and  G.  Kullerud 

As  part  of  our  investigations  of  sulfide- 
oxide  relations  in  the  Cu-Fe-S-0  system 
(Year  Book  69),  an  attempt  was  made 
to  investigate  the  Fe-S-0  system  at  high 
temperatures  by  the  silica-tube  and  cold- 
seal  pressure  vessel  techniques.  The  re- 
sults of  this  study  indicate  some  serious 
limitations  for  the  silica-tube  experimen- 
tation of  systems  containing  appreciable 
S02  fugacities. 

Kullerud  {Year  Book  56),  in  a  prelim- 
inary investigation  of  the  Fe-S-0  system, 
reported  that  the  assemblage  pyrite  (py) 
+  magnetite  (mg)  was  stable  up  to 
675 °C;  above  this  temperature  pyrrhotite 
(po)  +  hematite  (hm)  was  stable.  Dur- 
ing the  present  study,  it  was  determined 
that  in  silica  tubes,  hm  appears  to  be 
unstable  in  the  presence  of  py  or  po  at 
temperatures    above    550  °C.     The    hm 


readily  changes  to  mg  and  the  py  is  re- 
duced to  po;  this  po  +  mg  assemblage 
coexists  with  a  vapor  possessing  a  high 
fugacity  of  S02  (i.e.,  ^2  bars  at  550°C, 
. — 75  bars  at  650°C) .  Upon  rapid  cooling 
to  22 °C,  particularly  with  runs  annealed 
above  600  °C,  the  vapor  does  not  re- 
equilibrate  with  the  po  -f-  mg  assem- 
blage; at  22°C,  therefore,  the  fugacity  of 
S02  in  the  tube  is  sufficiently  high  (^4 
bars)  for  the  condensation  of  the  vapor 
to  a  waterlike,  clear  liquid.  The  tube 
"pops"  when  opened,  signifying  an  in- 
ternal pressure  in  excess  of  1  bar,  and  the 
liquid  immediately  evaporates  (in  about 
2  seconds),  producing  a  strong  S02  odor. 

A  tube  containing  this  clear  liquid  was 
frozen  in  liquid  N2  and  placed  in  H20 
contained  in  a  Teflon  tube,  and  the  silica 
tube  was  broken.  The  water  was  then 
tested  with  KMn04  solution  and  was 
found  to  contain  large  amounts  of  S4+,  i.e., 
the  liquid  was  approximately  S02  in  com- 
position. BaCl2  solution  showed  only  a 
trace  of  S6+  (i.e.,  S03).  Therefore,  reac- 
tion of  py  +  hm  above  550  °C  forms  the 
products  po  +  mg  +  7So2-  This  result 
does  not  necessarily  mean,  however,  that 
the  py  +  hm  assemblage  is  not  stable  at 
these  temperatures,  but  rather  that  the 
presence  of  a  vapor  with  a  high  S02 
fugacity  drastically  changes  the  bulk 
composition  of  the  condensed  phases. 

As  discussed  above,  hm  (±  mg)  with 
the  iron  sulfides  po  or  py  or  both  in  an 
evacuated,  sealed  silica  tube  readily 
changes  (1-2  days)  to  mg  at  high  tem- 
peratures. It  was  not  possible  to  deter- 
mine the  phase  relations  by  the  normal 
silica-tube  technique  for  regions  on  the 
S-0  side  of  the  po-mg  join.  Therefore,  it 
was  suspected  that  the  675 °C  crossing 
tie-line  reaction  py  +  mg  ^  po  +  hm  + 
V  reported  by  Kullerud  (Year  Book  56) 
was  in  error. 

In  order  to  elucidate  further  the  phase 
equilibria  involving  py,  po,  hm,  and  mg, 
several  Au-tube  experiments  were  con- 
ducted under  a  confining  pressure  of  1 
kb.  At  700°C,  py  +  hm  reacted  to  pro- 
duce py  +  mg;  this  mg  is  probably  the 
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kenotetrahedral  variety  as  described  by 
Kullerud,  Donnay,  and  Donnay  (Year 
Book  66) .  A  charge  containing  py  +  mg 
remained  unreacted  after  2  days  of  an- 
nealing. Here,  as  in  the  silica-tube  ex- 
periments, hm  is  apparently  unstable  in 
the  presence  of  the  iron  sulfides. 

The   assemblage  py   +   mg  remains 
stable  up  to  726°  ±  5°C  at  1  kb,  above 


which  temperature  the  products  are  po  + 
L  as  depicted  in  Fig.  90.  The  liquid  crys- 
tallizes, during  the  cooling  of  the  cold- 
seal  bomb,  to  a  fine-grained  intergrowth 
°f  PY  +  mg  (kenotetrahedral?)  +  a 
nonopaque  phase  that  occurs  as  a  late- 
stage  rim.  Although  not  identified  spe- 
cifically, this  rimming  phase  is  undoubt- 
edly one  of  the  iron  sulfates  stable  at 
lower  temperatures. 

On  the  basis  of  these  experiments,  the 
assemblage  po  +  py  +  mg  is  stable  at  1 
kb  confining  pressure  up  to  726 °C.  The 
exact  meaning  of  the  apparent  instability 
of  PY  +  hm  at  700  °C  is  not  known  at 
present;  it  is  possible,  however,  that 
Fe203  at  this  temperature  and  in  the 
presence  of  a  sulfide  reacts  to  form  a 
metastable  spinel  (yFe203?)  of  nearly 
the  same  composition.  In  any  case,  there 
does  not  appear  to  be  any  stable  tie-line 
reaction  at  675  °C  as  proposed  by  Kul- 
lerud (Year  Book  56)  ;  the  assemblage 
py  -f-  mg  is  stable  from  room  temperature 
to  above  700  °C. 


730°C 


Fig.  90.  Phase  diagrams,  schematic  in  part,  of 
the  Fe-S-0  system  illustrating  the  upper  stabil- 
ity of  the  pyrite  +  magnetite  assemblage  at 
726 °C  and  1  kb.  The  compositions  on  the  Fe-0 
join  have  been  distorted  for  illustration. 


Experimental  Investigations  of  Some 

sulfide-sllicate  reactions  in  the 

Hydrothermal  Temperature  Range 

N.  D.  MacRae  and  G.  Kullerud 

Many  common  metal-containing  sili- 
cates will  react  with  sulfur,  under  hydro- 
thermal  conditions,  to  produce  new  as- 
semblages that  contain  at  least  one  sulfide 
in  addition  to  silicates.  Products  of  re- 
actions of  this  type  are  observed  at  num- 
erous localities,  particularly  at  those 
where  contact  metasomatism  has  taken 
place. 

Preliminary  experiments  were  recently 
conducted  to  examine  the  reaction  of  cer- 
tain silicates  commonly  found  in  thermal 
aureole  rocks.  It  became  obvious  at  an 
early  stage  that  reaction  rates  are  very 
slow  in  systems  that  involve  silicates,  sul- 
fur, and  water.  Even  at  700  °C  equilib- 
rium was  not  reached  in  any  experiment 
in  30  days.  Clear  reaction  trends  could  be 
established,  however,  by  studies  of  prod- 
ucts obtained  in  experiments  at  this  tern- 
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perature.  For  this  reason,  all  experiments 
were  performed  at  700 °C  and  all  lasted 
at  least  30  days  under  a  confining  pres- 
sure of  1  kb.  The  silicates  and  sulfur 
were  weighed  into  gold  tubes,  and  an 
excess  of  pure  water  was  added  to  each 
tube  before  welding.  The  reaction  ves- 
sels probably  buffered  the  oxygen  fuga- 
city  at  about  the  Ni-NiO  buffer.  The 
products  of  the  runs  were  examined  optic- 
ally in  both  reflected  and  transmitted 
light,  by  the  electron  microprobe,  and 
when  necessary  by  single-crystal  X-ray 
techniques. 

A  number  of  experiments  were  per- 
formed with  mixtures  of  garnet,  sulfur, 
and  water.  Three  natural  analyzed  gar- 
nets were  chosen  as  starting  material.  By 
accepting  natural  material  we  also  ac- 
cepted a  variety  of  elements  in  trace 
quantities.  However,  this  seemed  prefer- 
able in  these  preliminary  experiments  to 
the  difficult  task  of  synthesizing  homo- 
geneous, garnets  of  the  appropriate  com- 
positions. The  chemical  analyses  of  the 
three  samples  are  shown  in  Table  42. 

TABLE  42.  Analyses  of  Natural  Garnets 


1 

2 

3 

Si02 

35.35 

37.98 

38.70 

Ti02 

0.15 

0.17 

0.11 

A1203 

20.74 

21.38 

20.93 

Fe203 

1.16 

FeO 

12.33* 

32.01* 

24.40 

MnO 

29.84 

1.73 

0.64 

MgO 

0.22 

5.33 

5.19 

CaO 

1.64 

1.67 

8.83 

Na20 

. . . 

0.04 

KsO 

0.03 

Totals 

100.27 

100.27 

100.03 

Almandine 

11.5 

69.6 

53.5 

Pyrope 

0.8 

21.2 

20.4 

Grossular 

1.8 

5.7 

21.0 

Andradite 

3.0 

0.0 

3.8 

Spessartite 

70.4 

3.5 

1.3 

*  Total  Fe  expressed  as  FeO. 

1.  Spessartite  (SPA)  from  Amelia,  Va.  (Shan- 
non, 1927). 

2.  Almandine     (ALA)    from    Ft.    Wrangell, 
Alaska  (Pabst,  1943). 

3.  Almandine    (LO-67)    from    Parry    Sound, 
Ontario   (Mason,  1969). 


The  spessartite  SPA  showed  no  reac- 
tion after  being  heated  for  30  days  at 
700 °C  and  1  kb  in  the  presence  of  sulfur 
and  excess  water.  Both  almandine  gar- 
nets reacted  extensively  over  the  same 
period,  but  LO-67,  the  one  with  21% 
grossular  molecule,  reacted  at  a  much 
faster  rate  than  sample  ALA.  Materials 
of  similar  grain  size  were  used  to  com- 
pare the  reaction  rates. 

After  30  days  approximately  60%  of 
sample  LO-67  reacted  to  produce  Mg 
cordierite  +  Fe  sulfide  +  anhydrite  + 
tourmaline.  Of  the  product,  80-85%  was 
Mg  cordierite;  10-15%,  Fe  sulfide;  3-4%, 
anhydrite;  and  1%  or  less,  Mg  tourma- 
line. The  liquid  phase  in  the  tubes  at  the 
termination  of  these  experiments  showed 
a  pR  of  about  4.5  at  room  temperature 
and  atmospheric  pressure.  A  strong  odor 
of  H2S  was  noted  when  the  tubes  were 
opened.  Many  garnet  grains  were  larger 
than  the  original  powdery  material  and 
were  obviously  the  product  of  recrystal- 
lization.  The  new  garnet  grains  com- 
monly displayed  crystal  faces.  Neither 
this  apparently  metastable  recrystalliza- 
tion  nor  the  production  of  anhydrite  and 
tourmaline  was  expected  when  the  experi- 
ments were  started. 

Probe  analyses  of  recrystallized  garnet 
give  a  composition  that  is,  for  all  prac- 
tical purposes,  identical  with  that  of  the 
starting  material.  It  has  been  noted  by 
Fyfe,  Turner,  and  Verhoogen  (1958)  that 
a  phase  may  grow  metastably  on  a  seed 
of  its  own  composition  in  preference  to  or 
simultaneously  with  the  nucleation  and 
growth  of  other  phases  that  contain  the 
same  components  because  of  the  higher 
energy  requirement  for  nucleation  than 
for  crystal  growth. 

The  Mg  cordierite  formed  as  partial 
rims  to  the  garnet  grains  but  also  formed 
separate  euhedral  crystals.  The  pseudo- 
hexagonal  crystals  rarely  exceeded  0.5 
mm  in  diameter  and  were  typically 
stubby.  Simple  twinning  in  some  crystals 
was  evident,  and  sulfide  and  sulfate 
grains  were  common  inclusions. 

The  Fe  sulfide  produced  was  dependent 
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on  the  initial  mole  fraction  of  sulfur  in 
the  charge.  If  the  mole  fraction  of  sul- 
fur, relative  to  garnet  LO-67,  was  one 
third  or  less,  only  pyrrhotite  was  pro- 
duced ;  equal  mole  fractions  of  sulfur  and 
garnet  produced  both  pyrite  and  pyrrho- 
tite; any  greater  proportion  of  sulfur 
produced  only  pyrite.  Both  pyrite  and 
pyrrhotite  commonly  occurred  in  their 
typical  crystal  forms.  The  average  grain 
size  for  both  sulfides  was  0.3  mm. 

Anhydrite  crystals,  averaging  about 
0.1  mm  X  0.4  mm,  occurred  both  as  in- 
clusions within  cordierite  and  as  separate 
crystals.  The  anhydrite  occurred  in  con- 
tact with  both  pyrite  and  pyrrhotite  at 
700 °C  and  1  kb. 

The  synthesis  of  tourmaline  was  not 
expected  in  these  experiments.  However, 
less  than  1%  of  the  reaction  products 
consisted  of  well-terminated  acicular 
tourmaline  crystals  that  measured  as 
much  as  0.3  mm  in  length  and  10  /mi  in 
thickness.  We  are  grateful  to  M.  E.  Fleet 
of  the  University  of  Western  Ontario  for 
identifying  these  crystals  by  precession 
analysis. 

Obviously  tourmaline  could  not  have 
developed  had  there  not  been  small  quan- 
tities of  B  in  the  LO-67  garnet.  No  in- 
clusions in  the  garnet  were  located,  and 
we  are  unable  to  say  in  what  form  the  B 
occurs. 

It  is  noted  from  probe  analyses  of  the 
products  (Table  43)  that  Mn  is  rela- 
tively enriched  in  cordierite  and  Ti  in 
tourmaline.  Similarly,  Ca  is  enriched  in 
tourmaline  relative  to  cordierite,  the  ratio 
being  about  7:1.  So  far,  we  have  not 
been  able  to  find  analyses  of  Mn,  Ti,  and 
Ca  in  coexisting  tourmalines  and  cordier- 
ites;  thus  these  partitions  have  not  been 
checked  in  natural  assemblages. 

Experiments  were  also  conducted  at 
700  °C  and  1  kb  confining  pressure  on 
epidote  +  S  +  H20,  tremolite  +  S  + 
H20,  and  K  feldspar  +  S  +  H20.  The 
epidote  phase  contains  ferric  iron,  and 
it  was  of  interest  to  investigate  whether 
sulfur  would  react  with  Fe3+  as  easily  in  a 
ph?se  such  as  epidote  as  it  did  with  Fe2* 


TABLE  43.   Analyses  of  Starting  Material  and 
Silicate  Products 


LO-67 

Cordierite 

Tourmaline 

Si02 

3870 

49.4 

36.0 

Ti02 

0.11 

0.00 

0.82 

A1203 

20.93 

34.1 

34.0 

Fe203 

1.16 

. . . 

. . . 

FeO 

24.40 

0.63* 

0.30* 

MnO 

0.64 

1.55 

0.08 

MgO 

5.19 

12.4 

10.5 

CaO 

8.83 

0.26 

1.80 

Na20 

0.04 

0.01 

1.13 

K20 

0.03 

0.01 

. . . 

B2Oa 

... 

. . . 

4.0t 

H20 

1.8t 

100.2 

10.5t 

Totals 

100.03 

99.1 

*  Total  Fe  expressed  as  FeO. 

f  Estimated  content  from  reported  analyses. 

in  almandine.  The  K  feldspar  was  se- 
lected because  it  contains  2.5%  Fe203. 

The  epidote  reacted  with  sulfur  a  little 
more  readily  than  even  the  LO-67  alman- 
dine; in  30  days  nearly  70%  of  the  epi- 
dote had  reacted.  The  products  were 
anorthite,  grossular  garnet,  pyrite,  and 
anhydrite.  The  anorthite  rimmed  and 
veined  the  epidote,  and  the  grossular 
tended  toward  development  of  euhedral 
crystals.  Inclusions  of  pyrite  and  an- 
hydrite were  common  within  the  anorth- 
ite. 

Similarly,  Mg  pyroxene,  pyrite,  anorth- 
ite, and  anhydrite  were  the  products  of 
the  much  more  sluggish  tremolite  reac- 
tions. The  K  feldspar  did  not  react;  its 
Fe  did  not  combine  with  S  to  produce 
sulfides. 

The  experiments  with  almandine  and 
tremolite,  which  both  contain  Fe2+,  and 
those  with  epidote,  which  contains  Fe3+, 
show  that  Fe3+  in  certain  silicate  struc- 
tures reacts  with  sulfur  just  as  readily  in 
aqueous  solutions  as  Fe2+. 

Almandine  is  commonly  found  in  re- 
gionally metamorphosed  rocks  adjacent 
to  thermal  aureoles  but  is  rarely  present  in 
the  aureoles  themselves.  Chinner  (1962) 
suggests  that  this  rarity  is  the  result  of  a 
very  narrow  rock  composition  field  for 
almandine  under  the  P-T  conditions  of 
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contact  metasomatism.  Hsu  (1968)  fur- 
ther suggests  that  the  relatively  high  oxi- 
dation state  in  the  aureoles  may  be  the 
reason.  The  experiments  discussed  show 
that  almandine  is  not  stable  under  sul- 
fur-rich conditions  and  thus  provide  an- 
other plausible  reason  for  the  absence  of 
almandine  garnet  in  such  localities. 

Anhydrite  is  generally  reported  as  an 
accessory  mineral  in  those  dolomites  and 
limestones  that  show  hydrothermal  alter- 
ation. It  is  also  a  common  accessory  min- 
eral in  the  deeper  veins  of  porphyry  cop- 
per deposits  but  is  absent  in  near-surface 
veins.  Palache,  Berman,  and  Frondel 
(1951)  report  that  anhydrite  is  more  sol- 
uble in  aqueous  solutions  at  lower  than  at 
higher  temperatures.  In  our  experiments 
anhydite  occurred  as  a  product  whether 
the  starting  material  was  almandine, 
tremolite,  or  epidote.  Also,  anhydrite  was 
readily  leached  from  the  sections  during 
polishing  unless  the  sectioning  and  polish- 
ing were'  done  in  oil.  We  believe,  there- 
fore, that  anhydrite  is  probably  a  more 
common  mineral  in  natural  reactions 
than  the  literature  indicates. 

Probe  analyses  on  almandine,  epidote, 
and  tremolite,  after  various  periods  of 
exposure  to  sulfur  +  H20  at  700  °C  and 
1  kb,  show  that  Fe  is  not  gradually  lost 
from  the  structures  and  that  zoning  of  the 
silicates  is  not  developed.  Instead  the 
mineral  compositions  remain  unchanged 
until  they  break  down.  These  observa- 
tions contrast  with  the  results  reported 
by  Kullerud  and  Yoder  (Year  Book  63, 
pp.  221-222) ,  who  found  in  "dry  systems" 
gradual  extractions  of  Fe  from  minerals 
such  as  amphibole,  pyroxene,  and  biotite. 
We  believe  that  the  increased  ionic  mo- 
bility achieved  in  an  aqueous  solution 
may  explain  the  apparent  discrepancy 
between  these  sets  of  experiments. 

The  Cu-Ge-S  System 
W.  Viaene 

Although  the  germanium  sulfide  min- 
erals   found    in   the   mines    of    Kipushi 


(Congo,  Kinshasa)  and  Tsumeb  (S.W. 
Africa)  always  occur  in  copper-rich  as- 
semblages, minerals  belonging  to  the  Cu- 
Ge-S  system  have  not  yet  been  reported. 
Because  iron  is  present,  germanium  is  in- 
corporated in  copper-iron-germanium 
sulfides  such  as  germanite  (Cu6FeGeS8), 
renierite  (CujFejZnGeJSi.^,  and  briartite 
[Cu2(FeZn)GeS4].  Nonetheless,  studies 
of  the  Cu-Ge-S  system  can  outline  the 
various  ternary  compounds  that  have 
electrical  and  magnetic  properties  of  in- 
terest to  solid  state  physicists.  Phase- 
equilibria  data  on  this  system  are  also  a 
necessary  prerequisite  to  investigation  of 
the  more  complex  system  Cu-Fe-Ge-S. 

In  a  preliminary  note,  Viaene,  Ver- 
kaeren,  and  Moreau  (1968)  outlined  the 
phase  relations  at  700°  and  partially  at 
600  °C.  During  the  present  study  phase 
relations  were  investigated  from  600° 
down  to  480 °C  by  quenching,  DTA,  and 
high-temperature  X-ray  diffraction  ex- 
periments. 

The  600  °C  isotherm  is  shown  in  Fig. 
91.  At  this  temperature  two  ternary  com- 
pounds are  stable.  The  Cu2GeS3  phase 
has  the  tetragonal  chalcopyrite  structure 
(Hahn  et  al.,  1966).  Stoichiometric 
Cu2GeS3  inverts  into  a  cubic  structure  at 
670°  ±  3°C,  and  its  thermal  stability 
extends  above  800 °C.  Although  not 
rigorously  investigated,  the  inversion  is 
composition-dependent  and  is  lowered 
with  deviation  from  stoichiometry.  As 
can  be  seen  from  Fig.  91,  this  ternary 
phase  coexists  with  a  large  field  of  the 
binary  liquid,  Ls. 

The  second  ternary  phase  has  a  com- 
position (in  atomic  %)  of  53  Cu,  7  Ge, 
and  40  S  (Cu53Ge7S4o).  Although  this 
composition  is  within  3  atomic  %  of  the 
formula  of  bornite  (CusoFeioS^) ,  no  sim- 
ilarity to  bornite  has  been  found.  In 
DTA  and  high-temperature  X-ray  ex- 
periments, an  inversion  was  found  at 
57°  ±  3°C.  The  X-ray  powder  diffrac- 
tion pattern  of  the  nonquenchable,  high- 
temperature  polymorph  has  been  indexed 
on  the  basis  of  a  hexagonal  unit  cell  with 
a0  =  4.05  and  c0  =  5.73  A.   It  has  not 
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T  =  600  °C 


Cu   a  or  Cu  £ 

Fig.  91.  Phase  relations  in  the  Cu-Ge-S  system  at  600° C. 


been  possible  to  index  the  low-tempera- 
ture form. 

In  experiments  at  600  °C  it  was  found 
that  the  ternary  solid  solution  Cu2-#S 
contains  less  than  0.3  wt  %  Ge.  The  solid 
solution  fields  of  the  ternary  phases  are 
also  restricted.  The  solubility  of  Cu  in 
the  germanium-sulfur  compounds  and  in 
the  sulfur-rich  liquid  (Lg)  is  under  inves- 
tigation. 

The  ternary  liquid  (Lt)  extends  into 
the  ternary  system  to  . — 12  wt  %  Cu. 
Liquid  compositions  on  the  sulfur-rich 
side  of  this  field  can  be  readily  quenched 
to  glasses.  More  metal-rich  liquids  par- 
tially crystallize  to  dendrites  of  GeS  and 
Cu2GeS3.  This  ternary  liquid  withdraws 
from  the  Ge-S  boundary  at  597°  ±  3°C, 
the  eutectic  melting  temperature  between 
GeS  and  GeS2.  The  last  liquid  is  present 
at  555°  ±  6°C,  where  the  assemblage 
Cu2GeS3  +  GeS  +  GeS2  is  formed  by  a 
ternary  eutectic  reaction. 

With  decreasing  temperature,  tie  lines 
between  the  Cu^S  phase  and  the  ternary 


compounds  develop  and  lead  to  the  phase 
relations  at  480°C  (Fig.  92).  At  555°  ± 
7°C  a  new  ternary  phase  becomes  stable, 
having  a  composition  near  Cu5.5Gei.0S6.5, 
a  germanium  analogue  of  idaite  (^^Cu55 
Fei.0S6.5).  This  phase  only  forms  slowly 
in  experiments  in  which  the  elements  or 
compounds  or  both  are  used  as  starting 
materials.  Its  optical  properties,  char- 
acterized by  a  strong  reflection  pleochro- 
ism,  suggest  a  layer  structure.  However, 
the  powder  X-ray  diffraction  pattern  is 
different  from  that  reported  by  Yund 
(1963)  for  idaite.  Although  the  phase 
relations  associated  with  the  maximum 
thermal  stability  of  the  idaite-like  phase 
were  not  rigorously  determined,  because 
of  sluggish  reactions,  experiments  indi- 
cate that  the  assemblage  Cu53Ge7S4o  + 
Ls,  with  decreasing  temperature,  becomes 
unstable  at  about  560  °C.  Below  this 
temperature,  tie  lines  are  established 
between  Cu2GeS3  and  the  sulfur-rich  side 
of  the  Cu2.#S  solid  solution. 

Covellite,  CuS,  becomes  stable  on  the 
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'5.5OCI.O°6.5 


Cu2-*S 


Cu  a  or  Cu         £  -( 

Fig.  92.  Phase  relations  in  the  Cu-Ge-S  system  at  480° C. 


Cu-S  join  at  507 °C  and,  within  a  few 
degrees,  has  established  tie  lines  with 
"C1i5.5Ge1.0S6. 5."  A  lowering  of  the  break- 
down temperature  of  CuS  associated  with 
"Cu5.5Ge1.0S65"  could  not  be  detected  by 
DTA  experiments. 

Because  most  sulfides  in  nature  reequil- 
ibrate  to  low-temperature  assemblages, 
this  study  will  be  continued  in  order  to 
determine  the  phase  relations  at  200 °C. 

A  mineral  that  could  not  be  identified 
by  its  microscopic  properties  has  been 
reported  in  polished  sections  of  Kipushi 
ore  specimens  by  Deutzman  (1961). 
During  a  recent  reexamination  of  samples 
from  the  Kipushi  mine,  this  mineral  was 
found  to  occur  mainly  with  renierite  and 
sometimes  with  copper  sulfides.  Its  ap- 
proximate composition  is  Cu2  (Ge,Zn,V)  S3, 
and  the  optical  properties  are  similar  to 
those  of  synthetic  Cu2GeS3.  It  is  sus- 
pected that  this  mineral  is  a  natural 
equivalent  of  the  pure  phase  Cu2GeS3; 
from  the  present  study  of  the  Cu-Ge-S 
system  it  would  appear  that  Zn  and  V  are 


not  necessary  for  the  formation  of  this 

phase. 

The  Ti-S  and  the  Fe-Ti-S  Systems 
W.  Viaene  and  G.  Kullerud 

Mineralogical  studies  of  the  Apollo  12 
rocks  have  revealed  that  troilite  com- 
monly is  paragenetically  related  to  ilmen- 
ite  (FeTi03)  and  titanium-bearing  spin- 
els. Taylor,  Kullerud,  and  Bryan  (Year 
Book  69)  found  that  troilite  coexisting 
with  ilmenite  or  spinels  or  both  contains 
appreciably  more  titanium  than  troilite 
coexisting  with  silicates  alone. 

Knowledge  of  the  phase  relations  in 
systems  such  as  Fe-Ti-S  and  particularly 
in  the  quaternary  Fe-Ti-O-S  system  may 
be  helpful  in  understanding  the  forma- 
tive processes  of  lunar  rocks  and  meteor- 
ites as  well  as  certain  terrestrial  rocks. 

Experiments  designed  to  supply  this 
information  are  now  in  progress.  It  was 
found  in  high-temperature  silica-tube 
experiments  performed  on  Ti  or  mixtures 
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of  Ti  and  S  in  a  ratio  larger  than  1 : 1  that 
Ti  reacts  with  the  Si02  of  the  tubes  to 
produce  compounds  such  as  Ti5Si3  and  Ti 
oxides.  Carbon  coating  of  the  silica  tube 
walls  does  not  prevent  such  reactions ;  on 
the  contrary,  Ti  carbides  are  formed  as 
well.  Reactions  between  Ti  and  Si02  are 
slow,  however,  at  and  below  800°C.  When 
mixtures  of  the  elements  with  Ti<  50 
atomic  %  initially  were  heated  below 
800 °C  to  form  sulfides,  subsequent  heat- 
ing even  at  1000 °C  over  prolonged  peri- 
ods of  time  did  not  result  in  reactions 
with  the  Si02  containers. 

The  Ti-S  System 

An  extensive  series  of  compounds  has 
been  reported  to  exist  in  the  Ti-S  system 
(e.g.,  Jellinek,  1963).  In  the  region  with 
low  sulfur  content  (i.e.,  S  <  50  atomic 
%)  the  experiments  yielded  inconclusive 
results  as  far  as  the  phase  relations  in  the 
pure  Ti-S  system  are  concerned  because 
of  reactions  between  Ti  and  Si02  at  high 
temperature  and  because  of  very  sluggish 
reactions  _at  lower  temperatures.  In  an 
attempt  to  determine  which  of  the  re- 
ported subsulfides  are  stable  compounds, 
experiments  are  in  progress  in  which  non- 
reactive  A1203  crucibles,  sealed  in  silica 
tubes,  are  used  as  reaction  vessels. 

The  compound  TiS  with  the  hexagonal 
NiAs-type  structure  can  be  prepared  as  a 
homogeneous  phase  during  prolonged 
heating  periods  (< — 2  months)  at  800 °C 
and  several  regrindings.  As  described 
by  Bartram  (in  Jellinek,  1963),  this  com- 
pound when  heated  at  . — 1000  °C  grad- 
ually changes  to  a  phase  with  rhombohe- 
dral  structure  and  with  composition  near 
Ti8S9;  in  addition,  traces  are  formed  of 
another  phase,  which  is  reddish  brown  in 
color  and  which  may  be  an  oxide.  The 
rhombohedral  phase  with  Ti8S9  composi- 
tion also  forms  in  experiments  performed 
at  800°C.  To  date,  it  is  not  clear  whether 
the  phase  Ti4S5,  described  by  Wiegers 
and  Jellinek  (1970),  is  stable. 

The  product  of  an  experiment  with  a 
bulk  composition  of  Ti3S4  gave  an  X-ray 


pattern  in  agreement  with  that  given  by 
Hahn  and  Harder  (1956)  but  in  disagree- 
ment with  that  of  Wiegers  and  Jellinek 
(1970).  When  similar  experiments  were 
performed  on  Ti2S3  bulk  compositions, 
the  X-ray  powder  diffraction  pattern  dis- 
played reflections  of  Ti3S4  as  well  as 
TiS2. 

The  crystal  structures  of  the  different 
compounds  with  compositions  near  TiS 
and  TiS2  are  derived  from  the  NiAs-type 
and  Cd(OH)2-type  structures,  respec- 
tively. Because  of  the  distinct  similarity 
in  structure  between  many  of  the  alleged 
compounds,  the  possibility  exists  that 
some  of  these  compounds  are  quench 
products.  It  seems  necessary,  therefore, 
to  investigate  the  region  between  TiS  and 
TiS2  by  means  of  differential  thermal 
analysis  and  high-temperature  X-ray 
experiments. 

It  was  not  possible  to  synthesize  the 
compound  TiS2  as  the  only  condensed 
phase  in  silica-tube  experiments  at  800  °C 
with  compositions  having  66.7  atomic  % 
S.  At  this  composition,  a  small  amount 
of  liquid  sulfur  is  always  present.  The 
compound  TiS2  is  very  soft,  takes  a  bad 
polish,  and  has  a  color,  when  ground, 
resembling  that  of  pyrite.  The  X-ray 
powder  diffraction  pattern  is  identical 
with  the  pattern  published  by  Swanson, 
Morris,  and  Evans  (1966)  except  for  dif- 
ferences in  intensities  that  are  probably 
due  to  preferred  orientation.  Thermal 
effects  were  not  recorded  up  to  1000  °C 
in  DTA  experiments.  This  compound, 
having  the  Cd(OH)2-type  structure,  was 
expected  to  become  orthorhombic  with 
marcasite  structure  when  exposed  to  ele- 
vated pressure.  An  experiment  in  which 
TiS2  was  heated  for  7  days  at  650 °C 
under  2  kb  confining  pressure,  however, 
did  not  change  its  crystal  structure. 

TiS3,  the  most  sulfur-rich  compound  in 
the  system,  is  monoclinic  and  character- 
ized by  a  strongly  developed  layer  struc- 
ture (Jellinek,  1963).  This  structure  is 
supported  by  the  pronounced  preferred 
orientation  (001)  in  the  X-ray  powder 
diffraction  pattern.   Differential  thermal 
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analysis  and  quench  experiments  show 
that  TiS3  melts  incongruently  at  610°  ± 
10 °C  to  TiS2  plus  a  liquid  consisting  es- 
sentially of  sulfur.  This  liquid  solidified 
at  about  95 °C,  and  on  repeated  heating 
the  solidified  Ti-bearing  sulfur  melted  at 
95  °C.  It  seems  possible  that  the  solubility 
of  Ti  in  sulfur  is  sufficient  to  lower  the 
melting  point  of  sulfur  from  114°C  for 
high-purity  sulfur  to  95  °C  for  sulfur 
saturated  with  Ti. 

The  Fe-Ti-S  System 

At  800 °C  the  phase  relations  in  the 
Fe-Ti-S  system  are  characterized  by  an 
extensive  hexagonal  solid  solution  extend- 
ing from  Fe^S  toward  Tii-JS.  The 
(Fe,Ti)i_J3  solid  solution  extends  at  this 
temperature  from  Fei^S  to  a  composition 
(by  weight)  of  at  least  32%  Ti,  27%  Fe 
and  41%  S,  but  it  does  not  span  the  sys- 
tem to  the  Ti-S  join.  The  monosulfide 
solid  solution  contains,  as  noted,  more  Ti 
than  Feand  may  be  the  new  sulfide  min- 
eral described  by  Keil  (1969).  The  solid 
solution  extending  from  Tii.JS  into  the 
ternary  system  was  not  determined. 

Experiments  containing  Fe,  Ti,  and  S 
in  the  1:2:4  atomic  ratio,  respectively, 
produced  one  homogeneous  solid  phase 
after  quenching  from  800 °C.  Its  X-ray 
powder  diffraction  pattern  corresponds 
with  that  given  by  Plovnick,  Vlasse,  and 
Wold  (1968).  It  forms  considerable  solid 
solution  toward  the  Fe-S  boundary  of  the 
ternary  system  and  displays  a  nearly 
constant  metal-to-sulfur  ratio. 

Tie  lines  extend  from  metallic  Fe  to 
the  metal-rich  portion  of  the  (Fe,Ti)i_J3 
solid  solution  and  to  the  binary  com- 
pounds TiS,  Ti8S9,  and  Ti3S4.  Hexagonal 
TiS  also  coexists  stably  with  the  TiFe2 
alloy.  Experiments  in  the  Ti-rich  portion 
of  the  system,  in  which  silica  tubes  were 
used  as  reaction  vessels,  did  not  yield 
conclusive  results  because  of  considerable 
reactions  involving  the  Si02  of  the  tubes. 

In  the  sulfur-rich  portion  of  the  sys- 
tem, the  (Fe,Ti)i_a,S  solid  solution  having 
compositions  near  the  Fe-S  join  coexists 


with  liquid  sulfur.  The  solid  solution  con- 
taining the  compound  FeTi2S4  forms  di- 
variant  fields  with  the  (Fe,Ti)i.^S  solid 
solution,  as  well  as  with  liquid  sulfur. 
The  relations  between  these  two  solid 
solutions  and  the  different  binary  com- 
pounds of  the  Ti-S  system  have  not  yet 
been  determined. 

The  Significance  of  Breakdown  Ex- 
periments Performed  with  Naturally 
Occurring  Materials 

S.  Takeno  and  L.  A.  Taylor 

The  maximum  thermal  stabilities  of 
many  minerals  (e.g.,mackinawite,smyth- 
ite,  greigite)  have  not  been  determined 
in  the  pure,  synthetic  systems.  Many  of 
these  minerals  occur  in  nature  as  fine- 
grained intergrowths  with  other  minerals, 
making  it  practically  impossible  to  ob- 
tain a  monomineralic  fraction  for  experi- 
mentation. Therefore  it  is  common  prac- 
tice to  heat  assemblages  of  the  naturally 
occurring  phases  in  sealed,  evacuated 
silica  tubes  in  an  attempt  to  determine 
the  thermal  stability  of  one  of  the  min- 
erals. The  basic  and  most  important  as- 
sumption that  is  made  in  performing  such 
experiments  is  that  the  original  associa- 
tion of  minerals  represents  an  equilibrium 
assemblage. 

It  is  commonly  accepted  that  ore  de- 
posits have  reequilibrated  upon  cooling 
to  form  mineral  assemblages  that  are 
representative  of  conditions  approximat- 
ing room  temperature  and  pressure.  The 
apparent  disequilibrium  assemblages  ob- 
served in  nature  usually  are  those  formed 
at  low  temperatures  by  secondary  proc- 
esses such  as  oxidation  or  reduction  (e.g., 
associated  with  the  oxidized  zone  of  su- 
pergene  deposits) .  Therefore  it  is  possible 
that  heating  experiments  of  an  unsus- 
pected disequilibrium  assemblage  will  re- 
sult in  erroneous  conclusions. 

Takeno,  Zoka,  and  Clark  (1970)  ex- 
amined the  relationship  between  the 
chemical  composition  and  breakdown 
temperatures    of    natural    mackinawite 
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(Fe,Ni,Co)Si_a,  (Taylor  and  Finger,  Year 
Book  69)  from  fourteen  localities.  His 
results  showed  an  apparent  dependency 
of  the  breakdown  temperature  on  the 
(Ni  +  Co)/Fe  ratio — i.e.,  the  thermal 
stability  is  increased  with  increasing 
(Ni  +  Co)/Fe.  Actually,  because  all 
mackinawites  in  the  specimens  examined 
were  fine  grained  (5-50  /mi) ,  the  heating 
experiments  were  conducted  on  "macki- 
nawite-bearing  assemblages"  in  which 
mackinawite  was  not  the  dominant  phase. 
It  is  reasonable  to  expect  that  such  a 
"breakdown"  temperature  depends  not 
only  on  the  chemical  composition  of  the 
mackinawite  but  also,  and  perhaps  to  a 
more  important  degree,  on  the  sulfur 
fugacity  controlled  by  the  dominant 
phases  of  the  assemblage. 

Mackinawite  occurs  in  cubanite  and 
chalcopyrite  and  is  associated  with  pyr- 
rhotite  or  pentlandite  or  both  in  speci- 
mens examined  from  Outokumpu,  Fin- 
land, and  the  Komori  and  Makimine 
mines,  Japan.  The  pyrrhotite  that  is  in 
direct  contact  with  the  mackinawite  is 
the  hexagonal  form  and  has  a  composition 
of  47.7  =£  0.1  atomic  %  Fe.  The  chemical 
compositions  of  these  mackinawites  are 
characterized  by  rather  high  concentra- 
tions of  Ni  +  Co,  and  it  was  suspected 
that  the  thermal  stability  would  be  high ; 
it  was  determined,  however,  that  the 
"breakdown"  temperature  occurred  within 
the  range  140°  to  150°C.  Apparently 
some  other  factor  besides  the  (Ni  +  Co)/ 
Fe  ratio  was  involved, 

The  association  of  mackinawite  and 
pyrrhotite  represents  an  obvious  dis- 
equilibrium assemblage.  Even  within  the 
Fe-Ni-Co-S  system,  the  presence  of  tie 
lines  between  troilite  and  pentlandite 
should  prevent  the  stable  occurrence  of 
mackinawite  +  hexagonal  pyrrhotite. 
Because  the  fugacity  of  sulfur  in  equi- 
librium with  hexagonal  pyrrhotite  of  47.7 
atomic  %  Fe  composition  is  much  higher 
than  that  in  equilibrium  with  mackinaw- 
ite, the  mackinawite  is  sulfidized  to  pyr- 
rhotite. Therefore,  the  reported  "break- 
down"    temperature     is     actually     the 


temperature  at  which  the  kinetics  of  the 
sulfidation  process  are  high  enough  for 
observation  of  the  destruction  of  macki- 
nawite. 

Mackinawite,  (Fe,Ni,Co)Si_a7  when 
pure,  should  break  down  to  Fe,Ni,Co 
native  metal  +  FeS  (troilite) ;  however, 
this  reaction  has  never  been  observed. 
The  intergrown  phases  controlling  higher 
sulfur  fugacities  provide  the  necessary 
sulfur  for  the  sulfidation  of  mackinawite. 
Phases  controlling  even  higher  fugacities 
(e.g.,  chalcopyrite,  pyrite,  monoclinic 
pyrrhotite)  would  provide  even  more 
sulfur  for  reaction  with  the  mackinawite, 
and  as  a  result  the  sulfidation  reaction 
would  proceed  even  faster.  The  disap- 
pearance of  mackinawite  would  then  be 
observed  at  even  lower  temperatures.  It 
is  suspected,  therefore,  that  the  "break- 
down" experiments  reported  in  the  litera- 
ture do  not  represent  the  true  thermal 
breakdown  of  mackinawite.  The  temper- 
atures reported  are  simply  those  temper- 
atures at  which  the  reaction  kinetics  are 
sufficient  for  observation  of  the  sulfida- 
tion of  the  mackinawite. 

Valleriite  Synthesis 
S.  Takeno 

The  mineral  valleriite  has  commanded 
considerable  attention  since  the  determi- 
nation of  its  unusual  crystal  structure  by 
Evans  and  Allmann  (1968).  It  consists 
of  sulfide  and  hydroxide  layers,  the  sul- 
fide layer  having  an  approximate  chalco- 
pyrite composition,  CuFeS2,  and  the  hy- 
droxide layer,  magnesium  and  aluminum 
hydroxide.  Natural  occurrences  of  val- 
leriite are  rare  and  are  usually  associated 
with  copper  deposits  within  ultrabasic 
rocks. 

With  respect  to  the  stability  relations 
of  this  mineral,  Yund  and  Kullerud 
(1966)  heated  valleriite  from  Kaveltorp, 
Sweden,  in  evacuated  silica-glass  tubes 
and  found  that  the  mineral  broke  down 
at  temperatures  above  450 °C. 

During  the  present  study,  experiments 
on  materials  from  Kaveltorp  and  from 


GEOPHYSICAL     LABORATORY 


301 


Parabora,  South  Africa,  were  conducted 
in  cold-seal  pressure  vessels  and  sealed 
gold  capsules  at  a  confining  pressure  of 
1  kb.  Under  these  conditions,  natural 
valleriite  broke  down  only  at  tempera- 
tures above  500 °C.  Electron  microprobe 
analysis  of  these  materials  showed  that 
they  contain  both  magnesium  and  alu- 
minum. 

Iishi  et  al.  (1970)  have  reported  that 
valleriite  containing  magnesium  and 
aluminum  can  be  synthesized  in  the  tem- 
perature range  400°  to  650  °C  at  1  kb  in 
cold-seal  bombs.  Above  these  tempera- 
tures, assemblages  containing  hexagonal 
pyrrhotite  and  some  copper  sulfide  min- 
erals are  formed. 

Valleriite  together  with  troilite  in  a 
sample  from  Del  Norte  County,  Cali- 
fornia, occurs  in  serpentine  associated 
with  copper  deposits.  The  powder  X-ray 
diffraction  data  of  the  Del  Norte  material 
are  compatible  with  the  data  of  Evans 
et  al.  (1964) .  Electron  microprobe  analy- 
ses gave  an  average  composition  for  sev- 
eral portions  of  the  mineral,  of  Cu  17.2, 
Fe  34.1,  S  19.0,  Mg  8.2  wt  %,  total  78.5 
wt  %.  Aluminum  and  other  major  ele- 
ments were  not  detected,  and  the  remain- 
der of  the  composition  was  assumed  to  be 
the  hydroxyl  radical.  The  chemical  com- 
position of  this  valleriite  yields  a  formula 

2.104  [Mgo.54Feo.4e  (OH)  2]  •  Cuo.92Fei.osS2, 

and  the  calculated  (OH)  concentration  is 
21.2  wt  %,  giving  a  total  of  99.7  wt  %. 
The  hydroxide  content  is  to  be  compared 
with  that  of  the  Kaveltorp  valleriite, 
which  contains  19.3  wt  %  (Springer, 
1968). 

The  Del  Norte  valleriite  has  an  inter- 
mediate composition  between  the  ordi- 
nary magnesium-aluminum  valleriite  and 
the  pure  iron-hydroxide  end  member 
(Harris,  Cabri,  and  Stewart,  1970) .  More- 
over, the  ratio  of  the  hydroxide/sulfide 
layer  is  considerably  larger  than  previ- 
ously reported.  The  ratio  in  the  Del 
Norte  material  is  very  close  to  that  of  the 
starting  material  used  in  the  synthetic 


experiments  reported  by  Iishi  et  al. 
(1970).  Although  in  these  experiments  it 
was  not  possible  to  obtain  a  homogeneous 
phase,  a  hydroxide/sulfide  ratio  of  be- 
tween 2.0  and  2.3  was  found  to  be  the 
most  desirable  for  the  synthesis  of  mag- 
nesium-aluminum valleriite.  With  the 
ratio  smaller  than  2.0  (e.g.,  1.3,  1.6),  the 
product  always  includes  unreacted  chal- 
copyrite  (one  of  the  starting  materials). 

Heating  experiments  were  conducted  in 
which  evacuated,  sealed  silica-glass  tubes 
were  used  to  determine  the  breakdown 
temperature.  Because  of  the  pressures 
created  when  valleriite  is  heated  above 
500°C  (Yund  and  Kullerud,  1966),  the 
silica  tubes  were  inserted  in  cold-seal 
bombs,  and  a  water  pressure  of  ^7000- 
9000  psi  was  applied  on  the  outside  walls 
of  the  tubes  (Kullerud,  Year  Book  65). 
The  sample  heated  at  600 °C  appeared 
unchanged.  At  the  termination  of  the 
experiments  at  650 °C,  droplets  of  a  clear 
liquid  were  observed.  Under  the  micro- 
scope, valleriite  was  still  present  but  the 
optical  characters  were  slightly  different 
from  those  of  the  original  material.  Com- 
plete breakdown  of  the  Del  Norte  val- 
leriite, in  the  presence  of  a  small  amount 
of  intergrown  troilite,  was  completed 
above  700  °C  after  several  days  of  heat- 
ing. 

The  decreased  stability  of  the  mag- 
nesium-aluminum valleriites  (Kaveltorp 
and  Parabora)  in  contrast  to  the  alumi- 
num-free variety  (Del  Norte)  is  perhaps 
related  to  the  incomplete  filling  of  the 
octahedral  sites  of  the  hydroxide  layer. 

Attempts  to  synthesize  some  valleriite- 
type  minerals  such  as  1.4[Fe(OH)2]  • 
CuFeSa.*,  1.56[Mgo.83Feo.i7(OH)2]  -CuFe 
S2_„  and  1.67[Mgo.75Alo.o9Fe0.ie(OH)2]- 
CuFeS2-a-  were  not  entirely  successful  at 
500°  and  600°C  at  1  kb.  For  the  last  two 
compositions,  the  products  were  mostly 
chalcopyrite  or  iron  oxide  with  very  small 
amounts  of  valleriite,  and  the  chemical 
compositions  of  these  valleriites  could  not 
be  determined  because  of  the  minute 
grain  size  (<  1  /xm). 
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Magnetic  Transformations  of 
Cubanite 

S.  Takeno 

The  compounds  chalcopyrite,  bornite, 
and  cubanite  are  of  considerable  interest 
to  solid  state  physicists,  as  well  as  geolo- 
gists, for  they  are  semiconductors  that 
contain  the  magnetic  element  iron  as  a 
principal  component.  However,  there  has 
been  little  research  concerning  the  mag- 
netic and  electrical  properties  of  these 
Cu-Fe-S  phases.  During  the  present 
study  an  investigation  of  these  properties 
was  conducted  on  cubanite,  CuFe2S3. 

Buerger  (1945)  and  Sawada,  Ozima, 
and  Fujiki  (1962)  reported  that  cubanite 
is  weakly  ferrimagnetic.  In  a  study  of 
the  Cu-Fe-S  system,  Yund  and  Kullerud 
(1966)  showed  that  cubanite  of  CuFe2S3 
composition,  in  the  presence  of  vapor,  is 
cubic  above  252°  ±  3°C,  tetragonal  be- 
low this  temperature  to  some  temperature 
below  213°C,  and  orthorhombic  at  even 
lower  temperatures.  All  natural  cubanite 
possesses  this  low-temperature  ortho- 
rhombic  structure. 

Single^crystals  of  natural  cubanite  from 
Sudbury,  Ontario,  kindly  provided  by  Dr. 
J.  D.  Scott,  were  investigated  magnetic- 
ally. For  the  measurements  of  magnetism 
a  magnetic  balance  was  used  with  an 
automatic  recording  instrument  as  de- 
scribed in  detail  by  Takeno,  Masumoto, 
and  Kamigaichi  (1968),  and  the  experi- 
ments were  performed  in  evacuated, 
sealed  silica  tubes  in  the  range  between 
liquid  nitrogen  temperature  and  about 
500°C.  The  cleavage  planes  of  single 
crystals  were  determined  by  X-ray  dif- 
fractometer  analyses. 

Figure  93  shows  the  magnetic  suscepti- 
bility of  natural  cubanite  as  a  function  of 
temperature  under  the  magnetic  field  of 
7.2  KOe.  Natural  orthorhombic  cubanite 
is  weakly  ferrimagnetic  (e.g.,  1.3  emu/g 
at  25°C),  and  the  intensity  of  magnet- 
ization decreases  slightly  with  increasing 
temperature  up  to  the  polymorphic  tran- 
sition to  the  cubic  form  at  < — 250  °C.   At 
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Fig.  93.    Magnetic  susceptibility  of  natural 
cubanite  as  a  function  of  temperature. 

this  temperature  magnetization  decreases 
abruptly,  and  at  higher  temperatures  it 
behaves  paramagnetically .  On  cooling,  the 
cubic  cubanite  shows  no  anomaly  at  the 
polymorphic  transition  to  the  ortho- 
rhombic form  and  behaves  paramagnetic- 
ally,  but  the  intensity  of  magnetization 
increases  abruptly  at  the  liquid  nitrogen 
temperature  and  reveals  a  ferrimagnetic 
property.  Therefore  the  transition  to  the 
high-temperature  cubic  structure  is  not 
reversible  with  the  cooling  rate  used 
(100°C/hr) ,  and  the  measurements  below 
250  °C  on  cooling  were  performed  on 
metastable  cubanite.  The  value  of  the 
ferrimagnetic  magnetization  at  — 180  °C 
is  about  7.2  emu/g.  For  reference,  this 
value  corresponds  to  that  of  the  most 
iron-deficient  hexagonal  pyrrhotite.  The 
ferrimagnetic  property  of  the  cubic  phase 
below  the  liquid  nitrogen  temperature 
was  also  confirmed  with  synthetic  cuban- 
ite but  was  not  observed  in  natural  ortho- 
rhombic cubanite. 

Figure  94  shows  the  magnetic  field  de- 
pendence of  the  magnetization  of  a  cu- 
banite single  crystal  at  room  temperature. 
In  Fig.  94,  the  ordinate  represents  the 
magnetization  per  gram  and  the  abscissa, 
the  strength  of  the  magnetic  field.  The 
crystal  has  a  platy  habit  (3X2X1 
mm),  and  the  symbol  H-L  represents  an 
orientation  perpendicular  to  (010)  (i.e., 
[010] ) .  The  crystal  is  fully  saturated  in 
a  magnetic  field  of  8000  Oe,  and  the  easier 
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Fig.  94.   Magnetic  field  dependence  of  mag- 
netization of  a  natural  single  crystal  of  cubanite. 


direction  of  magnetization  is  along  the 
b  axis. 

This  is  the  first  observation  of  ferri- 
magnetic  character  for  any  compound 
within  the  Cu-Fe-S  system,  i.e.,  chalco- 
pyrite  is  antiferromagnetic  (Teranishi, 
1961)  and  bornite,  paramagnetic  (Ta- 
keno,  Masumoto,  and  Kamigaichi,  1968). 
Furthermore  these  results  suggest  that 
many  other  sulfide  compounds  may  also 
possess  such  unusual  magnetic  or  electric 
anomalies  at  very  low  temperatures, 
similar  to  those  of  the  ferrite  minerals 
(e.g.,  magnetite). 


STAFF    ACTIVITIES 


Haskins  Symposium   on  Petrologic 
Implications  of  Plate  Tectonics 

The  constraints  imposed  by  petrology 
on  the  current  dynamic  model  of  the  earth 
was  the  subject  of  a  symposium  held  in 
special- tribute  to  Dr.  Caryl  P.  Haskins. 
The  meeting  was  convened  at  Airlie 
House,  Warrenton,  Virginia,  from  March 
17  to  20,  1971,  and  concluded  with  a  ban- 
quet and  summary  session  at  the  Cosmos 
Club,  Washington,  D.C.  Dr.  Haskins  was 
honored  for  his  long  period  of  distin- 
guished service  as  President  of  the  Car- 
negie Institution  of  Washington  by  the 
members  of  the  symposium  and  many 
other  leaders  in  the  scientific  community. 

The  format  of  the  symposium  consisted 
of  only  one  formal  talk  by  Dr.  James 
Gilluly,  U.S.  Geological  Survey  (Denver), 
and  five  informal,  Quaker-meeting  style 
sessions  loosely  structured  on  the  unique 
environmental  regimes.  Discussions  cen- 
tered mainly  on  (1)  the  general  outline 
of  the  concept  of  tectonic  plates  with  em- 
phasis on  the  constraints  imposed  by 
physical  properties  and  thermal  configur- 
ations; (2)  rock  types  and  magma  gener- 
ation models  at  the  mid-ocean  ridges;  (3) 
characterization  of  the  ocean  floor  and 
islands;  (4)  the  trench,  trench-arc  gap, 
and  arc  regime;  and  (5)  the  ophiolite  and 
batholith  suites,  the  rift  systems,  and  the 


problems  of  recognizing  ancient  plate 
boundaries.  A  report  on  the  discussions 
is  given  by  H.  S.  Yoder,  Jr.,  in  Science 
(vol.  173,  pp.  464-466,  1971). 

The  symposium  was  attended  by  31 
field  and  experimental  petrologists,  seis- 
mologists, geophysicists,  geochemists,  and 
physicists,  eight  of  whom  were  from 
abroad.  In  addition  to  members  of  the 
staff  of  the  Geophysical  Laboratory,  the 
following  participated  in  the  working  ses- 
sions at  Airlie  House:  Don  L.  Anderson 
(California  Institute  of  Technology), 
Fabrizio  Aumento  (Dalhousie  University, 
Canada) ,  Wilfred  B.  Bryan  (Woods  Hole 
Oceanographic  Institution) ,  Johnson  R. 
Cann  (University  of  East  Anglia,  Nor- 
wich, England),  J.  Barry  Dawson  (Uni- 
versity of  St.  Andrews,  Scotland),  Wil- 
liam R.  Dickinson  (Stanford  University), 
W.  Gary  Ernst  (Mineralogisches- 
Petrographisches  Institut  der  Universitat 
Basel,  Switzerland) ,  Paul  W.  Gast  (Na- 
tional Aeronautics  and  Space  Adminis- 
tration), Ian  L.  Gibson  (University  of 
Leeds,  England),  James  Gilluly  (U.S. 
Geological  Survey,  Denver),  David  H. 
Green  (Australian  National  University) , 
Stanley  R.  Hart  (Department  of  Terres- 
trial Magnetism),  E.  D.  Jackson  (U.S. 
Geological  Survey,  Menlo  Park) ,  David 
E.  James  (Department  of  Terrestrial 
Magnetism) ,  Ian  D.  MacGregor  (Univer- 
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sity  of  California,  Davis),  Dan  P.  Mc- 
Kenzie  (University  of  Cambridge,  Eng- 
land), William  G.  Melson  (National 
Museum  of  Natural  History),  Akiho  Mi- 
yashiro  (State  University  of  New  York 
at  Albany) ,  Eldridge  Moores  (University 
of  California,  Davis),  Jack  E.  Oliver 
(Lamont-Doherty  Geological  Observa- 
tory of  Columbia  University),  E.  R.  Ox- 
burgh  (University  Museum,  Oxford,  Eng- 
land), William  W.  Rubey  (University 
of  California,  Los  Angeles),  Herbert  R. 
Shaw  (U.S.  Geological  Survey,  Washing- 
ton, D.C.),  and  Peter  J.  Wyllie  (Univer- 
sity of  Chicago) . 

Washington  Crystal  Colloquium 

The  Washington  Crystal  Colloquium, 
an  informal  monthly  assembly  of  crystal- 
lographers  from  the  Baltimore-Washing- 
ton-Virginia area,  met  seven  times  during 
the  report  year.  The  following  lectures 
were  presented: 

"Structure  and  hydrogen  bonding  in 
transition  metal-azole  complexes,"  by 
Alan  Mighell  (National  Bureau  of  Stand- 
ards) ,  November  6,  1970. 

"Crystal  chemical  studies  of  the  layer 
silicate  mineral  cavansite,"  by  Howard  T. 
Evans,  Jr.  (U.S.  Geological  Survey)  ;  and 
"Mossbauer  and  X-ray  studies  of  titan- 
ium garnets/'  by  Eric  Dowty  (U.S.  Geo- 
logical Survey),  December  11,  1970. 

"Crystal  structure  of  strophanphidin,  a 
cardioactive  drug,"  by  J.  L.  Flippen  and 
R,  Gilardi  (Naval  Research  Labora- 
tory) ;  and  "Group  VI  conformation, 
electron  diffraction  study  of  dimethyl- 
diselenide,"  by  P.  D'Antonio  (Naval  Re- 
search Laboratory),  January  22,  1971. 

"Crystallography  of  oxazinones  and 
fulvenes,"  by  Herman  Ammon  (Univer- 
sity of  Maryland),  February  19,  1971. 

"The  crystal  structure  of  the  anhydride 
of  11-bromoundecanoie  acid,"  by  Walter 
Panghorn  (University  of  Maryland)  ; 
"The  crystal  structure  of  a  lecithin  ana- 
logue r«c-glyceryl-l,2-(<ii-ll-bromounde- 
canoate)    3-(p-toluene    sulfonate),"    by 


Plato  Watts  (University  of  Maryland) ; 
"The  crystal  structure  of  11-bromounde- 
canol,"  by  A.  Hybl  and  L.  Rosen  (Uni- 
versity of  Maryland),  March  19,  1971. 

"The  crystal  structure  of  the  low- 
temperature  form  of  n-propylamine 
clathrate  hydrate,"  by  Carroll  Bricken- 
kamp  (National  Bureau  of  Standards), 
April  23,  1971. 

"Neutron  scattering  studies  of  phase 
transitions  in  inorganic  crystals,"  by  John 
J.  Rush  (National  Bureau  of  Standards), 
May  21,  1971. 

Lectures 

During  the  report  year  Staff  Members 
and  Fellows  were  invited  to  present  lec- 
tures as  follows: 

P.  H.  Abelson  made  a  total  of  12  in- 
vited public  appearances.  He  made 
speeches  in  the  following  capacities:  as 
participant  on  a  Panel  on  Public  Concerns 
and  Industrial  Responses  at  the  annual 
meeting  of  the  Atomic  Industrial  Forum, 
Washington,  D.C.;  as  speaker  ("Energy 
for  Social  Purposes")  at  a  meeting  spon- 
sored by  the  Franklin  Institute  and  the 
American  Chemical  Society  at  Philadel- 
phia; as  participant  ("Communication 
with  the  Public — A  Scientist-Editor's 
View")  in  a  National  Seminar  on  Agricul- 
tural Science  Communication  at  Arlington, 
Virginia ;  as  speaker  ("The  Environmental 
Crisis")  at  the  fall  meeting  of  the  Ameri- 
can Geophysical  Union  at  San  Francisco ; 
and  as  a  lecturer  ("Toward  Humane 
Technology")  at  the  University  of  Mary- 
land Baltimore  campus. 

P.  M.  Bell  lectured  at  the  Department 
of  Geochemistry,  Pennsylvania  State 
University.  He  served  as  Editor  of  the 
U.S.  National  Report  (IUGG)  for  the 
American  Geophysical  Union  and  partici- 
pated as  a  member  of  the  Lunar  Sample 
Review  Board. 

F.  R.  Boyd,  Jr.,  gave  an  invited  lecture 
on  "Inclusions  in  Diamond"  at  the  State 
University  of  New  York  at  Stony  Brook. 

D.  M.  Burt  lectured  at  the  geology  de- 
partments of  Kumamoto  University  and 
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the  University  of  Tokyo  in  Japan,  the 
University  of  British  Columbia,  the  Uni- 
versity of  California  at  Davis,  and  Stan- 
ford University.  He  also  addressed  the 
IMA-IAGOD  Meetings,  Tokyo  and 
Kyoto,  Japan,  and  the  U.S.  Geological 
Survey,  Washington,  D.C. 

F.  Chayes  gave  an  invited  address  on 
"Silica  Saturation  in  Cenozoic  Basalt"  at 
a  Royal  Society  Symposium  on  "Volcan- 
ism  and  the  Structure  of  the  Earth,"  held 
in  London  in  November.  He  also  lectured 
on  his  rock  information  system  at  the 
Department  of  Geochemistry,  Pennsyl- 
vania State  University. 

L.  W.  Finger  lectured  at  the  Geology 
Department  of  The  Johns  Hopkins  Uni- 
versity. 

S.  E.  Haggerty  addressed  the  Depart- 
ment of  Earth  and  Planetary  Sciences  at 
the  University  of  Pittsburgh  and  the  De- 
partment of  Geology  and  Geophysics  at 
the  University  of  Minnesota.  He  also 
presented  an  invited  paper  at  the  NASA 
Second  Lunar  Sciences  Conference  in 
Houston. 

P.  E.  Hare  lectured  at  the  Department 
of  Biochemistry,  University  of  Miami, 
and  presented  an  invited  paper  at  a  Sym- 
posium on  Organic  Geochemistry  of  the 
Oceans  at  the  Geological  Society  of 
America  meeting  in  Milwaukee.  He 
served  as  Visiting  Scientist  at  the  Insti- 
tute of  Molecular  Evolution  at  the  Uni- 
versity of  Miami. 

T.  C.  Hoering  gave  an  invited  lecture 
on  "The  Geochemistry  of  Organic  Sub- 
stances" to  the  Society  of  Sigma  Xi  in 
Washington,  D.C.  He  also  addressed  the 
Gordon  Research  Conference  on  Organic 
Geochemistry  at  Holderness,  New  Hamp- 
shire, and  the  Penrose  Conference  on  the 
Precambrian  Era  at  Laramie,  Wyoming. 

A.  W.  Hofmann  lectured  at  the  Geol- 
ogy Department  of  Florida  State  Univer- 
sity, Tallahassee. 

T.  E.  Krogh  gave  an  invited  lecture  on 
"Multiple  Metamorphisms  within  the 
Grenville  Province"  to  graduate  students 
and  staff  in  the  Geology  Department  of 
the  University  of  Western  Ontario.    He 


also  addressed  the  Geological  Survey  of 
Canada  on  "Isotopic  Ages  in  the  Gren- 
ville Province." 

G.  Kullerud  continued  as  Adjunct  Pro- 
fessor in  Geochemistry  at  Lehigh  Univer- 
sity where  he  supervised  the  sulfide  re- 
search of  two  doctoral  candidates  and 
lectured  on  sulfide  phase  equilibria.  He 
also  served  as  Consulting  Professor  to  the 
Department  of  Geosciences,  Texas  Tech- 
nological University,  Lubbock,  Texas. 
Kullerud  presented  invited  lectures  at  the 
Department  of  Geology,  University  of 
Tennessee;  Knox  College,  Galesburg, 
Illinois;  and  at  a  Symposium  on  Sudbury 
Ores  at  Sudbury,  Canada. 

D.  Rumble  lectured  at  the  Department 
of  Geology,  University  of  Pennsylvania; 
the  Planetology  Branch,  NASA  Goddard 
Space  Flight  Center;  and  the  Geological 
Society  of  Washington,  D.C. 

D.  Smith  addressed  the  geology  depart- 
ments of  the  University  of  California  at 
Davis,  the  University  of  Minnesota,  the 
University  of  Texas,  Princeton  Univer- 
sity, and  Yale  LTniversity. 

B.  G.  J.  Upton  presented  an  invited 
paper  on  "The  Volcanic  Evolution  of 
Reunion  Island"  to  the  annual  meeting  of 
the  American  Geophysical  Union  in 
Washington,  D.C.  He  also  addressed  the 
Department  of  Geology,  Dalhousie  Uni- 
versity; the  Department  of  Geology, 
Brooklyn  College  of  the  City  University 
of  New  York;  the  Geological  Society  of 
Washington;  and  the  Penologists'  Club. 

D.  Virgo  presented  an  invited  paper  on 
"Fe2+  Distribution  Studies  in  Olivines 
and  Clinopyroxenes  using  Mossbauer 
Spectroscopy"  at  the  NASA  Second 
Lunar  Sciences  Conference  in  Houston. 

H.  S.  Yoder,  Jr.,  presented  lectures  at 
Pennsylvania  State  University,  Temple 
University,  Franklin  and  Marshall  Col- 
lege, Kent  State  University,  and  Ohio 
State  University.  He  participated  in  the 
Penrose  Conference  in  Phoenix,  Arizona, 
on  "Ultramafic  Inclusions  in  Basaltic  and 
Kimberlitic  Rocks,"  the  Apollo  12  Lunar 
Science  Conference  in  Houston,  Texas, 
and  the  Geothermal  Resources  Confer- 
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ence  at  Riverside,  California.  Yoder 
organized  and  contributed  to  the  Caryl  P. 
Haskins  Symposium  on  the  "Petrologic 
Implications  of  Plate  Tectonics"  held  at 
Airlie  House,  Warrenton,  Virginia. 

Penologists'  Club 

Six  meetings  were  held  during  the  60th 
year  of  the  Penologists'  Club,  and  the 
following  lectures  were  presented: 

"Relative  silica  saturation  in  Cenozoic 
basaltic  volcanics,"  by  F.  Chayes  (Geo- 
physical Laboratory) ,  October  20,  1970. 

"Some  characteristics  of  regional  meta- 
morphism  in  the  Japanese  islands,"  by 


Yotaro  Seki  (Saitama  University,  Urawa, 
Japan) ,  December  15,  1970. 

"Kilauea  volcano:  processes  of  melting 
and  differentiation,"  by  T.  Wright  (U.S. 
Geological  Survey),  February  2,  1971. 

"Nuclear  tracks  in  minerals  (with  ap- 
plications to  lunar  astrology),"  by 
Robert  Walker  (Washington  University, 
St.  Louis,  Mo.),  February  16,  1971. 

"A  contrary  view  of  global  tectonics, 
or  How  to  tease  a  sea-floor  spreader!"  by 
M.  L.  Keith  (Pennsylvania  State  Uni- 
versity), April  20,  1971. 

"Precambrian  alkaline  complexes  in 
Greenland,"  by  B.  G.  J.  Upton  (Geo- 
physical Laboratory),  May  4,  1971. 
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INTRODUCTION 

The  dogmas  of  the  quiet  past  are  inadequate 
to  the  stormy  present. 

— Abraham  Lincoln 
Second  Annual  Message  to  Congress  (1862) 

The  form  of  our  report  this  year  is  a  nowadays.   Most  university  departments 

considerably  condensed  expression  of  our  have    lost    that    all-important   personal 

work  in  education  and  research.  Most  of  flavor.  True  enough,  there  are  exceptions, 

the  research  work  we  attempt  to  sum-  and  it  is  often  from  these  that  we  select 

marize  here  has  already  been  published  in  an  exceptional  person  to  study  with  us  as 

some  thirty  papers  in  internationally  rec-  a  Fellow.  We  have  somewhat  regularized 

ognized  journals  or  will  appear  shortly,  course  work  which  follows  the  advanced 

The  Staff  Members  have  agreed  to  the  seminar  pattern  in  each  of  our  principal 

worthiness    of    abbreviating   the    report  sections:   Astrophysics,  Biophysics,  and 

somewhat    rather    than     composing     a  Geophysics.  While  the  Staff  assumes  the 

lengthy  one  concerning  the  state  of  the  major    responsibility    for    continuity    in 

art  and  detailing  individual  accomplish-  these   courses   of   study,  we  have   been 

ments.  privileged  to  call  upon  a  number  of  out- 

We  have  tended  in  our  report  to  em-  side  scientists  and  some  nonscientists, 
phasize  the  basic  scientific  achievements  and  have  encouraged  our  Fellows  to  par- 
of  the  Department,  even  though  we  have  ticipate  in  the  presentation  of  lectures, 
in  practice  engaged  extensively  and  effec-  There  have  also  been  a  number  of  other 
tively  in  teaching  and  education  since  educational  activities.  We  have  instituted 
1904.  It  may  be  of  interest  to  summarize  a  modest  work-study  program  in  bio- 
some  of  our  educational  activities  of  the  physics  and  have  conducted  an  intensive 
year  and  to  select  a  few  of  the  research  three-day  seminar-laboratory  session  for 
activities  as  illustrations  of  cooperation  in-service  high  school  science  teachers 
and  interdisciplinary  endeavor.  under  the  auspices  of  the  National  Asso- 

In  our  view  there  is  no  divorcing  of  ciation  of  Biology  Teachers.  Numerous 
research  and  educational  functions.  Our  lectures  have  also  been  presented  by  our 
research  work  is  the  solid  foundation  Staff  and  Fellows  at  universities  and  na- 
upon  which  our  teaching  and  educational  tional  and  international  meetings,  and  a 
efforts  rest  and  the  wellspring  by  which  number  of  short-term  arrangements  for 
they  are  nurtured.  We  have  evolved  what  learning  experience  have  been  carried  out 
may  be  described  as  a  kind  of  tutorial  in  each  of  the  Department's  sections,  in- 
system  in  which  our  students,  mainly  Fel-  eluding  such  diverse  activities  as  train- 
lows,  associate  themselves  in  a  laboratory  ing  in  the  use  of  the  IBM  1130  computer, 
or  field  setting  with  one  or  a  few  Staff  introduction  of  students  of  many  univer- 
Members.  There  tends  to  be  a  daily  inter-  sities  to  modern  methods  for  the  study  of 
change  of  ideas,  constant  discussion,  and  nucleic  acids,  and  the  use,  under  Staff 
the  development  of  an  atmosphere  of  per-  supervision,  of  the  Derwood  radio  tele- 
sonal  respect  for  the  strengths  and  weak-  scope  by  radio  astronomy  students  from 
nesses  of  the  Staff  Member  and  his  stu-  the  University  of  Maryland  and  the 
dent.  This  atmosphere  is  important:  it  is  Johns  Hopkins  University, 
about  as  close  to  President  Garfield's  die-  We  continue  our  association  with  the 
turn  "Give  me  a  log  hut,  with  only  a  sim-  Instituto  Argentino  de  Radioastronomia- 
ple  bench,  Mark  Hopkins  on  one  end  and  Carnegie  Radioastronomical  Observatory 
I  on  the  other  .  .  ."  as  one  can  achieve  in  Argentina.  Dr.  K.  C.  Turner,  its  pres- 
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ent  Director  on  leave  from  the  Depart-  bers  of  the  Astrophysics  Section  to  share 
ment,  conducts  courses  at  the  Universities  talents  and  experiences  is  reported  in 
of  Cordoba  and  La  Plata,  and  is  super-  work  on  beam-foil  spectroscopy  by  As- 
vising  candidates  for  advanced  degrees.  sousa,  Brown,  Ford,   and  Kumar.    The 

In  addition,  several  other  off-campus  image  tube  spectrograph   developed  by 

educational  activities  have  been  under-  Ford  is  an  essential  tool  for  the  study  of 

taken:  Dr.  Aldrich  has  participated  again  these  weak  line  spectra.  The  problems  of 

this  year,  as  he  has  for  many  years  in  the  interpreting  photographic  plates  to  ob- 

past,  in  teaching  and  advising  depart-  tain  line  intensities  have  led  Brown  to  an 

ments  of  physics  at  small  colleges,  under  active  collaboration  with  Ford.  Together 

the  auspices  of  the  American  Association  they  have  developed  a  counting  technique 

of  Physics  Teachers  and  the  American  for  the  image  tube  which  provides  a  linear 

Institute  of  Physics.   Mr.  Cowie  has  or-  detector  for  photons.    These  efforts  are 

ganized  and  participates  in  a  broad  rang-  supported,  in  part,  by  the  National  Sci- 

ing  weekly  evening  seminar  at  St.  Mary's  ence  Foundation,  and  appear  to  be  most 

College,  Maryland.   Dr.  Kohne  taught  a  promising. 

summer   course    in    modern    biology    at  The  description  and  resulting  model  of 

Purdue  University  and  has  been  engaged  the  hyperactive  nucleus  of  Andromeda 

in  research  and  teaching  at  the  University  are  the  result  of  about  250  hours  of  tele- 

of  California  at  Berkeley.  Dr.  Rubin  has  scope  time  at  the  Lowell  and  Kitt  Peak 

taught  a  course  in  astronomy  for  high  Observatories.  Without  the  image-inten- 

school  students  at  Wilson  High  School  in  sifying  tube  such  a  program  would  not 

the  District  of  Columbia.   Dr.  Sacks,  in  have  been  undertaken.    Even  with  this 

addition    to    his    scientific    studies    at  device,  a  formidable  amount  of  observ- 

Nagano,  Matsushiro  and  Urakawa,  Ja-  ing,  data  reduction,  and  synthesis  was 

pan,  is  presently  teaching  a  course  in  required  in  order  to  understand  the  com- 

seismology  at  the  University  of  Tokyo.  plex   pattern   of   motion    found   in   this 

The  efforts  in  the  Astrophysics  and  neighboring  galaxy.  Astrophysics,  as  we 

Geophysics  sections  may  be  classified  into  conceive  of  it,  is  thus  the  most  highly 

four  major  categories — scientific  measure-  interdisciplinary  area  in  which  we  are 

ments  and  synthesis,  instrument  develop-  engaged. 

ment,  educational  guidance,  and  interna-  The  observations  and  conclusions  of 
tional  collaboration.  An  important  the  work  by  Rubin  and  Ford  on  M31  may 
example  of  a  combination  of  these  is  the  be  singled  out  for  special  mention:  radial 
studies  of  Brown,  Steiner,  and  Bonner  of  rotational  velocities  have  been  adduced, 
the  unstable  nucleus  of  8Be,  using  the  relative  strengths  of  many  visible  radia- 
polarized  ion  source  from  the  University  tion  lines — which  give  clues  of  elemental 
of  Basel  to  bombard  7Li.  The  8Be  nucleus  abundance,  spatial  distribution,  and  stel- 
has  been  the  subject  of  numerous  reports  lar  evolution — have  been  measured,  as 
on  these  pages  ranging  back  to  1932.  In-  have  their  ionization  properties,  indicat- 
ternational  collaboration  with  a  Swiss  ing  the  physical  nature  of  gases  in  galac- 
Fellow  using  the  ion  source  developed  at  tic  structures  which,  in  turn,  tells  us  of 
Basel  has  been  the  usual  pattern  for  the  the  behavior  of  atoms,  nuclei,  and  mole- 
past  nine  years.  An  added  feature  in  this  cules  in  the  outer  reaches  of  space.  In 
year's  report  is  the  contribution  of  one  of  continuing  work,  they  have  been  able  to 
the  Biophysics  Fellows.  Bonner  had  stud-  set  reasonable  values  for  the  movement  of 
ied  this  same  nucleus  before  coming  to  elements  in  space,  for  the  forces  which 
the  Department  and  his  observations  can  strip  atoms  and  combinations  of 
were  very  helpful  in  the  synthesis  re-  atoms  of  their  component  electrons,  and 
ported  below,  which  is  still  in  progress.  for  the  anisotropy  of  mass.    The  latter 

The  collaboration  among  various  mem-  well-known  circumstance  confirms  anew 
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that  the  universe  cannot,  in  detail,  be  tional  collaboration  have  gone  hand-in- 
fitted  into  some  simplistic  notion  of  iso-  hand  this  year  with  the  installation  of  a 
tropy,  bereft  of  mystery.  net  of  borehole  strainmeters  near  Nagano 
In  the  Geophysics  Section  one  good  in  Japan.  The  net  is  just  coming  into  full 
example  of  data  synthesis  is  the  work  of  operation  as  the  report  year  ends,  but 
James,  who  has  been  studying  the  geo-  already  the  usefulness  of  these  instru- 
physical  and  geological  consequences  of  ments  both  as  detectors  of  accumulated 
the  theory  of  plate  tectonics  to  the  west  strain  and  as  ultralong-period  detectors 
coast  of  South  America.  Linde  and  Sacks,  of  seismic  energy  has  been  demonstrated, 
in  their  studies  of  earthquake  mecha-  A  digital  magnetic  tape  recording  system 
nisms  from  the  deep-focus  earthquakes  of  is  now  being  tested  at  the  Department 
Argentina,  southern  Bolivia,  and  Brazil,  which  promises  to  make  the  data  readily 
have  found  that  a  model  which  assumes  adaptable  to  computer  search  and  analy- 
slip  across  a  molten  disk  explains  the  fre-  sis  techniques. 

quency  distribution  of  radiated  energy  A  second  mass  spectrometer  has  been 

versus  magnitude  for  magnitudes  ranging  revised  for  rapid  sample  change  proced- 

from  3.8  to  6.1.    The  isotope  and  trace  ures  and  digital  recording.  At  this  time, 

element  geochemistry  of  basalts  has  been  a  small  computer  is  being  adapted  both  to 

studied  by  Hart  for  several  years.    One  control  instruments  and  to  produce  statis- 

of  the  problems  still  to  be  resolved  by  tical    reduction    of    the    data    as    it    is 

theories  of  plate  tectonics  is  the  mecha-  obtained. 

nism  by  which  mantle  magma  feeding  the  The  multinational  studies  of  electrical 

submarine  ocean  ridges  is  moved  under  conductivity  anomalies  associated  with 

or  around  that  mantle  magma  producing  the   Andean   Cordillera   are   continuing, 

oceanic  island  basalts,  without  homog-  Two  expeditions  to  the  altiplano  of  south- 

enizing  the  isotopic  abundance  of  the  Sr  ern  Peru>  using  telephone  and  telegraph 

in  the  two  sources.  The  difference  in  the  Hneg  of  the  Southern  Peru  Raiiway>  have 

«Sr/MSr  ratio  of  these  two  sources  of  resulted  in  the  findi       that  a        ion  of 


quite  high  conductivity  exists  near  the 


basalt  is  ten  times  the  error  of  measure- 

m, '         .,     ...      ,    ,  xi     i        n     c  surface  in  this  area.   The  analysis  of  the 

lhe  similarities  between  the  basalt  of  ,   .         ,        ,,  ,, 

,,  •      -j  j  ,1    ,  £       j  •     n  geomagnetic  data  taken  there  over  the 

the  oceanic  ridges  and  that  found  in  the  ,  ,  i       , 

ocean  basin  on  the  landward  side  of  the  Pft  several  years  has  been  a  major  part 

Marianas  Island  Arcs  suggest  that  the  of  *e  DePartment  s  contribution  to  this 


latter  are  the  result  of  an  extension  fea- 


work. 


ture  in  the  oceanic  crust.  The  arcs  them-  The  activities  of  the  Biophysics  Sec- 
selves  maintain  their  isotopic  and  chem-  tion  have  continued  to  be  intense  and 
ical  identity  and  add  to  the  problem  of  productive.  This  year,  in  addition  to  the 
understanding  how  two  separated  sources  considerable  scientific  work,  the  educa- 
of  basalt  can  be  maintained  in  the  same  tional  program  has  been  expanded  and 
region  in  which  the  mantle  gives  evidence  emphasized.  The  introduction  to  the  Sec- 
of  great  mobility.  tion's  report  summarizes  quite  fully  its 
Instrument  development  and  interna-  scientific  findings. 

ASTROPHYSICS 

G.  E.  Assousa,  L.  Brown,  J.  W.  Erkes,  W.  K.  Ford,  Jr.,  C.  K.  Kumar,  V.  C.  Rubin, 
E.  Steiner,  N.  Thonnard,  K.  C.  Turner,  and  M.  A.  Tuve 

Introduction  Astrophysics  Section.  Some  are  concerned 

There  is  considerable  diversity  in  the     with  determining  the  large-scale  motions 

interests  of  the  Staff  and  Fellows  of  the     of  gas  in  galaxies,  while  others  are  inter- 
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ested  in  understanding  the  quantum  obtain  a  spectrum  of  one  HII  region  con- 
mechanical  behavior  of  atomic  nuclei,  sisting  of  a  few  bright  emission  lines ;  this 
The  basic  observations  that  we  seek  in  process  can  be  repeated  on  numerous  HII 
order  to  increase  our  knowledge  and  un-  regions  from  all  parts  of  the  galaxy.  Ulti- 
derstanding  often  require  the  develop-  mately,  we  thus  map  the  velocity  field 
ment  of  special  instruments.  An  account  and  study  the  dynamics  and  kinematics 
of  these  activities  is  given  below.  of  a  galaxy  which  may  be  much  like  our 

own. 

Optical  Astronomy  We  knew  at  tne  outset  that  tnis  would 

be  a  substantial  observing  program ;  yet  it 

Vera  C.  Rubin  and  W .  K.  Ford,  Jr.  took  less  time  than  anticipated.  By  1969 

we  had  obtained  and  measured  almost 

This  has  been  an  especially  satisfying  150  spectra  of  67  HII  regions,  ranging  in 

year  for  our  Section.  After  observing  one  distance  from  3  kpc  to  24  kpc  from  the 

particular  galaxy  for  six  years,  the  An-  nucleus  of  M31,  and  had  studied  the  mass 

dromeda  Nebula   (M31),  we  have  been  distribution  in  that  galaxy.    The  results 

able   to   analyze   our   observations    and  were  satisfying  but  unspectacular.    The 

produce  a  model  of  much  greater  detail  motions  of  the  young  stars  in  M31  were 

than  expected  at  the  outset.  The  follow-  remarkably  similar  to  the  motions  of  the 

ing  is  a  review  of  this  study.  neutral  hydrogen  gas  studied  by  the  radio 

By  1966  the  DTM  image  tube  spectro-  astronomers,  and  M31  was  dynamically 
graph  was  being  used  routinely  to  obtain  very  similar  to  our  own  galaxy  (Rubin 
galaxy  spectra  of  high  quality,  generally  and  Ford,  Astrophys.  J.,  159,  379,  1970) . 
of  extremely  small,  faint,  and  distant  One  unexpected  result  did  emerge  from 
galaxies.  After  some  months  of  discussion  the  study,  however.  On  spectra  taken 
among  ourselves  and  with  a  colleague,  near  the  nucleus  of  M31,  a  sharp  emission 
Dr.  Morton  S.  Roberts  of  the  National  line  of  [Nil]  was  detected,  superimposed 
Radio  Astronomy  Laboratory,  we  decided  upon  a  composite  continuous  spectrum 
to  undertake  a  very  different  program:  arising  from  stars  in  the  nuclear  region 
to  study  a  nearby  large  galaxy  in  greater  of  M31.  Earlier,  in  1960,  G.  Miinch 
detail.  The  Andromeda  Galaxy  was  the  (Astrophys.  J.,  131,  250)  had  observed  the 
obvious  choice,  for  its  angular  extent  on  [Oil]  line  in  emission  near  the  nucleus 
the  sky  was  4°,  about  2500  times  the  slit  of  M31.  We  were  sufficiently  interested  in 
width  of  our  spectrograph  (<3").  In  ad-  the  presence  of  this  excited  gas  near  the 
dition,  Baade  had  earlier  spent  many  nucleus  to  pursue  these  observations  fur- 
years  in  identifying  688  regions  in  M31  ther.  By  increasing  the  dispersion  to  28 
in  which  hot  young  stars  had  ionized  the  A/mm  (rather  than  135  A/mm  as  in  the 
interstellar  medium  surrounding  them,  earlier  work) ,  we  could  spread  out  the 
producing  ionized  spheres  of  hydrogen,  background  stellar  continuum  and  in- 
These  HII  regions,  at  the  distance  of  crease  the  detectability  of  sharp  emission 
M31,  each  subtend  an  angle  of  a  few  lines.  Ultimately,  with  exposures  as  long 
seconds  of  arc  on  the  sky,  and  are  typ-  as  six  hours,  we  detected  emission  lines  of 
ically  of  magnitude  17  to  21,  and  hence  H«,  [Nil],  [SII],  [OIII],  and  [Oil] 
too  faint  to  be  seen  in  telescopes  of  mod-  across  much  of  the  nuclear  bulge  of  M31, 
erate  size.  In  the  visible  region  of  the  and  we  have  studied  in  detail  the  region 
spectrum,  however,  most  of  the  radiation  within  400  pc  of  the  nucleus, 
from  the  HII  region  comes  in  a  few  emis-  From  the  measured  line-of -sight  veloci- 
sion  lines  of  hydrogen,  ionized  oxygen,  ties  of  the  excited  gas  in  numerous  posi- 
nitrogen,  and  sulphur.  Thus,  by  measur-  tion  angles  across  the  nucleus,  we  have 
ing  offsets  from  nearby  visible  stars  and  arrived  at  the  following  model  (Rubin  and 
by  exposing  for  one  or  two  hours,  we  can  Ford,  Astrophys.  J.,  170,  Nov.  15,  1971). 
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Excited  gas  is  concentrated  near  the  nu- 
cleus of  M31  in  a  very  flat  disc,  and  is 
rotating  with  velocities  which  increase 
with  distance  (R)  from  the  nucleus  up  to 
200  km/sec  at  R  =  400  pc.  Superimposed 
upon  this  rotation  are  expansion  motions 
along  axes  at  position  angles  68°-128° 
and  248°-278°,  but  only  a  small  mass  of 
gas,  0.01  M  /yr,  is  leaving  the  region 
R  =  400  pc.  In  the  NE  quadrant  of  the 
galaxy,  where  dust  patches  are  seen  very 
close  to  the  nucleus,  excess  positive  velo- 
cities are  observed  where  the  spectro- 
graph slit  crosses  a  dust  patch.  The  most 
likely  explanation  for  this  is  that  here  we 
are  observing  low-lying  gas  and  dust 
clouds  which  are  falling  to  the  plane.  It 
is  possible  that  this  is  material  which  has 
been  shed  from  evolved  stars  in  the  galac- 
tic bulge,  and  could  be  the  source  of  the 
disc  of  gas  near  the  nucleus.  A  more 
explosive  origin,  i.e.,  gas  from  supernovae 
explosions,  cannot  be  ruled  out  but  ap- 
pears less  likely  because  of  the  systematic 
nature  of  the  velocities.  The  source  of  the 
excitation  of  the  gas  is  unknown,  but  it 
could  be  a  conventional  source,  such  as  a 
small  number  of  hot  young  stars,  or  a 
more  unconventional  source,  related  to 
the  not-yet-understood  properties  of  nu- 
clei of  galaxies.  A  rapidly  rotating  disc  of 
neutral  hydrogen  has  been  detected  at 
the  nucleus  of  our  galaxy  by  its  21 -cm 
radio  radiation,  but  very  little  else  is 
known  about  it. 

Just  as  this  study  of  the  excited  gas  in 
the  nuclear  disc  of  M31  arose  without 
preplanning  from  an  earlier  study,  it  too 
is  leading  to  additional  studies  of  M31, 
now  under  way.  We  are  presently  meas- 
uring the  absorption  lines  on  our  nuclear 
spectra  to  see  if  it  is  possible  to  study  the 
motions  of  the  stars  in  the  nuclear  region 
of  M31  in  the  same  detail  with  which  we 
have  studied  the  excited  gas.  If  this  is 
feasible,  we  will  be  able  to  answer  yet 
more  complex  questions  concerning  the 
relation  between  the  gas  and  the  stars  in 
the  nucleus  of  the  Andromeda  Nebula. 


Image  Tubes 
W.  K.  Ford,  Jr.,  L.  Brown,  and  V.  C.  Rubin 

Most  of  the  routine  observing  with  the 
DTM  spectrograph  of  both  astronomical 
and  beam-foil  spectra  has  been  accom- 
plished with  the  aid  of  a  cascaded  image 
tube.  We  have  continued  to  use  with  con- 
siderable success  the  two-stage,  magnet- 
ically focused  intensifier  developed  at 
RCA  (their  type  C33011)  for  the  Car- 
negie Image  Tube  Committee.  This  type 
of  tube  has  proved  to  be  reliable  and 
efficient.  The  principal  limitation  has 
been  the  large  trade-off  of  gain  for  resolv- 
ing power  that  must  be  made. 

During  this  report  year  we  obtained 
our  first  observations  with  a  new  and,  in 
many  respects,  improved  version  of  the 
cascaded  tube.  This  device  (RCA  type 
C33063)  is  characterized  by  having  a 
ceramic  rather  than  a  glass  envelope  and 
by  operating  at  15  kV  per  stage  or  30kV 
overall  compared  to  10  kV  per  stage  or 
20  kV  overall  for  the  conventional  tube. 
This  higher  voltage  results  in  a  larger 
brightness  gain  in  the  tube,  and  hence  the 
requirements  on  the  speed  of  the  transfer 
lens  can  be  relaxed.  These  high-gain 
tubes  also  have  somewhat  higher  resolu- 
tion, so  that  the  net  result  is  a  system 
having  considerably  improved  perform- 
ance characteristics. 

The  higher  gain  available  in  this  new 
tube  has  made  it  feasible  to  record  the 
image  of  the  output  phosphor  at  a  mag- 
nification of  2X  and  hence  to  de-empha- 
size the  role  of  the  granularity  of  the 
photographic  plate.  This  system  was  used 
with  the  new  42-inch  f/16  telescope  of 
the  Lowell  Observatory  to  obtain  series 
of  photographs  of  a  variety  of  HII  re- 
gions, planetary  nebulae,  and  galaxies 
through  10  A  interference  filters  centered 
on  the  wavelengths  of  some  of  the  prin- 
cipal emission  lines.  By  comparing  these 
photographs,  specific  regions  of  interest 
within  an  object  can  be  identified.  For 
example,  it  was  found  that  in  NGC7009, 
the  Saturn  planetary  nebula,  there  was  a 
striking  difference  in  appearance  between 


328 


CARNEGIE    INSTITUTION 


the  light  of  Ha  and  that  of  the  nearby 
[Nil]  A  6583  line.  This  led  to  additional 
photographs  in  [OIII]  A  5007,  H0,  [SII] 
A  6717,  and  [SII]  A  6731,  and  to  a  series  of 
spectrograms  across  the  nebula.  These 
observations  have  been  reported  in  more 
detail  (Ford  and  Rubin).1 

The  higher  gain  provided  by  the 
C33063  has  made  possible  the  investiga- 
tion of  an  experimental  system  that  pro- 
vides a  digital  measure  of  the  intensity 
along  a  line  image.  A  low  light-level 
image  when  viewed  with  a  high-gain 
image  intensifier  is  composed  of  a  num- 
ber of  discrete  photo-electron  scintilla- 
tions. In  a  conventional  image  tube  sys- 
tem, each  of  these  events  contributes  to 
the  exposure  that  is  accumulated  on  a 
photographic  plate.  In  the  experimental 
digitized  system,  an  attempt  is  made  to 
count  each  event  occurring  in  a  picture 
element  of  a  line  image.  Since  we  are 
interested  in  at  least  100  picture  elements, 
it  is  impractical  to  have  an  individual 
detector  looking  at  each  picture  element. 
Instead  we  have  a  single  detector  that  is 
made  to  scan  repetitively  at  a  rate  com- 
parable to  the  lifetime  of  each  scintilla- 
tion. The  lifetime  is  determined  by  the 
persistence  of  the  phosphor  screens;  we 
estimate  that  90%  of  the  light  from  each 
event  is  given  off  with  an  exponential 
decay  in  approximately  one  millisecond. 
Hence,  by  scanning  at  a  1-kHz  repetition 
rate  the  line  image  displayed  by  the  high- 
gain  tube,  the  number  of  events  per  pic- 
ture element  can  be  accumulated  in  a 
multiscaling  signal  averaging  device.  See 
Year  Book  69,  pp.  370-371,  for  a  discus- 
sion of  the  method.  Our  first  attempts  at 
scanning  an  image  have  been  quite  en- 
couraging. With  a  high-gain  RCA  C33063 
image  tube,  a  Perkin-Elmer  CRT  trans- 
fer lens  having  a  magnification  of  2X, 
and  an  ITT  F4011  image  dissector  having 
a  25  fx  round  aperture,  scans  of  the  stand- 
ard test  pattern  showed  a  limiting  resolu- 
tion of  about  30  lp/mm.  The  efficiency  of 
this  present  pulse  counting  system  is  not 
high,  but  there  are  many  improvements 
that  remain  to  be  made  in  the  system. 


Radio  Astronomy 

G.  E.  Assousa,  J.  W.  Erkes,  N.  Thonnard, 

K.  C.  Turner,  M.  A.  Tuve,  E.  T. 

Ecklund,  and  C.  A.  Little 

Our  interest  in  the  interaction  of  super- 
nova remnants  with  the  surrounding  in- 
terstellar medium  has  been  extended  to 
the  observation  of  the  supernova  rem- 
nant HB9.  The  remnant  has  an  east-west 
elongation  on  the  Palomar  Sky  Survey 
prints.  This  feature  has  also  been  ob- 
served in  the  radio  contour  maps  in  the 
continuum,  at  38  MHz  by  Williams,  Kin- 
derdine,  and  Baldwin;2  at  610.5  MHz  by 
Dickel  and  McKinley;3  and  at  960  MHz 
by  Harris.4 

The  supernova  remnant  HB9  lies  in  the 
direction  of  the  galactic  anticenter  and 
slightly  above  the  galactic  plane  (I  = 
160.5°,  (  =  2.8°).  Its  finite  angular  di- 
ameter, approximately  140  minutes  of 
arc,  makes  it  a  good  candidate  for  study 
with  the  60-foot  steerable  parabolic  an- 
tenna at  our  Derwood  Observatory.  Ob- 
servation of  the  H-line  profile  in  and 
around  HB9,  using  a  0.5°  X  0.5°  grid,  is 
already  under  way.  We  plan  to  continue 
our  study  of  galactic  supernova  remnants 
by  observing  the  optically  interesting 
object  Shajn  147. 

The  comprehensive  survey  of  neutral 
hydrogen  at  21  cm,  in  and  out  of  the 
galactic  plane,  is  continuing.  A  limited 
survey  of  high-velocity  HI  features  is 
also  being  carried  out. 

Equipment  Development 

The  relative  gain  stability  of  the  56 
channels  in  the  21-cm  H-line  receiver  has 
been  improved  in  order  to  facilitate  the 
detection  of  low-level  signals.  This  was 
accomplished  by  introducing  solid  state 
buffers  between  the  narrow-band  (20 
kHz)  filters  and  the  detector,  and  by  en- 
closing the  detector  diodes  in  a  small, 
temperature-controlled  box. 

The  single-ended  mixer  in  the  water- 
line  receiver  was  found  to  be  very  noisy 
due  to  the  large  noise  contribution  of  the 
local  oscillator  at  the  H20  line  frequency 
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(22.2  GHz).  A  balanced  mixer  has  been 
designed  which,  in  conjunction  with  a 
new  230-MHz  I.  F.  amplifier,  will  reduce 
the  system  noise  to  that  inherent  in  the 
mixer  diodes.  In  addition,  we  are  borrow- 
ing from  NRAO  (Greenbank,  West  Vir- 
ginia) a  complete  mixer-I.F.  package 
which  will  enable  us  to  determine  the 
efficiency  and  pointing  accuracy  of  the 
60-foot  telescope  at  the  1.35  cm  H20  line 
wavelength. 

Other  Activities 

The  Derwood  Observatory  was  made 
available  to  Professor  William  Erickson 
of  the  University  of  Maryland  for  use  in 
his  experimental  astronomy  course.  Nine 
students,  working  in  groups  of  three,  have 
observed  galactic  neutral  hydrogen  for  a 
determination  of  the  local-standard-of- 
rest,  and  for  a  study  of  the  HI  distribu- 
tion in  Gould's  belt. 

Further  neutral  hydrogen  observations 
were  carried  out  by  the  Johns  Hopkins 
University  class  in  general  astronomy, 
under  the  guidance  of  Dr.  J.  C.  Walker. 

Southern  Hemisphere  Activities 
J.  W.  Erkes  and  K.  C.  Turner 

Our  interest  in  the  Magellanic  Clouds 
has  been  extended  to  optical  wavelengths 
through  collaboration  with  A.  G.  D.  Philip 
of  the  Dudley  Observatory  and  N.  San- 
duleak  of  the  Warner  and  Swasey  Ob- 
servatory in  a  search  for  stars  associated 
with  interesting  neutral  hydrogen  features 
in  the  Small  Magellanic  Cloud.  Objective 
prism  plates,  5°  X  5°,  of  two  particularly 
interesting  regions  in  the  Small  Magel- 
lanic Cloud  have  been  taken  by  Philip 
with  the  Cerro  Tololo  36,  24-inch  schmidt 
telescope.  A  small  dense  concentration  of 
neutral  hydrogen  can  be  seen  in  the  con- 
tour maps  of  the  distribution  of  neutral 
hydrogen  in  the  bridge  region  between  the 
Magellanic  Clouds  (Year  Book  67,  p. 
290 ;  Year  Book  68,  p.  367) .  The  objective 
prism  plate  centered  on  this  region  shows 


no  stars  at  the  Magellanic  distance.  In 
the  contour  maps  of  the  distribution  of 
the  total  integrated  neutral  hydrogen  in 
the  Small  Magellanic  Cloud  {Year  Book 
67,  p.  290;  Year  Book  68,  p.  368) ,  a  large 
faint  feature  can  be  seen  well  out  along 
the  major  axis.  A  number  of  possible 
interpretations  of  this  feature  can  be 
made,  including  the  suggestion  (Year 
Book  69,  p.  372)  that  it  may  represent 
neutral  hydrogen  at  one  of  the  Lagran- 
gian  points  in  the  Magellanic  System.  A 
plate  centered  on  this  feature  has  turned 
up  two  candidates  for  consideration  as 
members  of  the  Magellanic  System.  Four- 
color  photometry  of  these  stars  indicates 
that  both  are  fainter  than  14th  magni- 
tude; one  star  shows  hydrogen  emission 
lines  and  is  similar  to  others  found  in  the 
Magellanic  System.  It  is  not  yet  possible 
to  establish  the  luminosity  classes  of 
these  stars  well  enough  to  test  the  La- 
grangian  point  hypothesis,  but  further 
observations  at  higher  dispersion  should 
settle  the  question.  In  addition,  a  finding 
list  is  being  prepared  for  further  study  of 
faint  A  stars  in  these  regions. 

Cooperation  with  our  Argentine  col- 
leagues has  assumed  a  more  continuous 
character  with  the  appointment  of  Ken- 
neth C.  Turner  as  Director  of  the  Insti- 
tuto  Argentino  de  Radioastronomia  for  a 
two-year  period,  beginning  in  October 
1970.  Investigators  at  the  Instituto  pres- 
ently are:  E.  Bajaja,  R.  Colomb,  E.  Fil- 
loy,  S.  Garzoli,  I.  Mirabel,  R.  Quiroga 
and  W.  G.  L.  Poppel.  An  outline  of  their 
current  investigations  follows. 

In  addition  to  the  continuing  study  of 
our  galaxy  at  the  21-cm  H-line  wave- 
length, a  fine-structure  study  of  the  veloc- 
ity field  in  the  Large  Magellanic  Cloud 
is  under  way.  The  velocity  resolution  is 
2  km/sec. 

A  monograph  entitled  An  Atlas  of 
Galactic  Neutral  Hydrogen  in  the  Region 
270°  ^  I  ^  310° ;  —  7°  ^  tf<  2°  by  Silvia 
Garzoli  is  to  be  published  by  the  Carnegie 
Institution  of  Washington. 

Other  work  already  in  progress  at  21 
cm  includes  (1)  a  search  for  debris  from 
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possible  interactions  between  our  galaxy 
and  the  Magellanic  Clouds  in  the  region 
340°  ^  I  < 40°  and  —50°  ^  tf  <  10° ;  (2) 
a  study  of  the  correlation  between  the 
corrugation  of  the  galactic  plane  and  such 
parameters  as  the  velocity  dispersion  and 
the  density  of  neutral  hydrogen  in  the 
region  281°  ^  /<  340° ;  (3)  an  examina- 
tion of  the  region  220°  ^  I  <  300°,  —  30° 
^  S  ^  — 15°  in  search  for  material  with 
anomalous  velocities  (features  with  —80° 
^  V  $J  — 30  km/sec  have  already  been 
detected  in  this  region) ;  and  (4)  a  large 
survey  for  velocities  —100  km/sec  ^  V 
^  +100  km/sec  in  the  region  240°  ^  I 
$J  372°,  3°  ^  $  ^  17°  in  collaboration 
with  E.  R.  Vieira  of  the  Instituto  de 
Fisica  of  the  Universidad  Federal  de  Rio 
Grande  Do  Sul,  Brazil.  In  addition,  pre- 
liminary work  toward  a  radio  source  sur- 
vey in  the  continuum  of  21  cm  has  been 
initiated.  A  study  of  the  flux  variability 
of  a  number  of  quasi-stellar  radio  sources 
for  declinations  below  —10°  is  also  in 
progress. 

Lunar  occultation  data  for  the  source 
Sagittarius  B2,  taken  in  1968  and  1969, 
are  being  analyzed  to  provide  fine-struc- 
ture information  on  the  neutral  hydrogen 
in  the  direction  of  the  galactic  center. 

A  model  study  of  the  gravitational  con- 
traction of  interstellar  clouds  by  numer- 
ical techniques  is  being  made.  Both 
radiative  transfer  and  change  of  chem- 
ical composition  are  included  in  the 
models. 

A  search  for  electromagnetic  disturb- 
ances in  the  direction  of  the  galactic  cen- 
ter is  in  progress  in  collaboration  with 
R.  B.  Partridge  of  Haverford  University. 
Correlation  with  gravitational  waves,  ob- 
served by  Dr.  Joseph  Weber  of  the  Uni- 
versity of  Maryland,  will  be  examined. 
An  11-cm  receiver,  which  has  been  in- 
stalled in  the  2-meter  solar  telescope,  will 
be  used  for  this  study.  This  instrument 
will  be  used  to  observe  the  galactic  cen- 
ter for  approximately  nine  hours  each 
day.  Final  instrumental  adjustments  are 
now  being  made  and  observations  are 
expected  to  begin  shortly. 


Equipment  Development 

A  new  receiver  back  end  for  continuum 
work  has  been  developed  under  the  direc- 
tion of  E.  Filloy.  Two  of  these  instru- 
ments are  currently  in  use,  one  on  our  21- 
cm  receiver,  installed  on  the  30-meter 
telescope,  and  the  other  on  an  11-cm 
receiver,  assembled  in  part  from  equip- 
ment kindly  donated  by  the  National 
Radio  Astronomy  Observatory  (USA). 
This  receiver  is  being  tested  on  a  2  m  in- 
strument formerly  used  for  solar  studies. 
A  second  30  m  telescope  is  under  con- 
struction. 

The  installation  of  thirty  filters  of 
bandwidth  100  KHz  at  the  Argentine- 
Carnegie  Radio  Astronomy  Station  pro- 
vides a  velocity  span  of  720  km/sec  at 
21  cm.  In  addition,  the  digital  integrator 
system,  described  in  Year  Book  69,  p.  372, 
is  in  operation.  A  Fairchild  phase-locked 
oscillator  has  also  been  added,  replacing 
nearly  half  of  the  old  local  oscillator  sys- 
tem. These  instrumental  changes  will 
make  possible  observations  of  neutral 
hydrogen  in  more  distant  galaxies,  as  well 
as  an  examination  of  recombination  lines 
of  excited  hydrogen,  helium,  and  carbon 
in  the  Milky  Way,  at  and  near  1420  MHz. 

Atomic  Physics 

G.  E.  Assousa,  L.  Brown,  W.  K.  Ford,  Jr., 
and  C.  K.  Kumar 

Ion  Source  Development 
G.  E.  Assousa  and  L.  Brown 

Beam-foil  and  beam-gas  excitation 
have  recently  become  established  spectro- 
scopic techniques.  In  order  to  take  ad- 
vantage of  these  methods  it  is  necessary 
to  use  ion  sources  which  provide  a  variety 
of  ionic  beams.  With  this  in  mind  we 
have  designed  and  built  a  universal  ion 
source  based  on  the  source  of  Magnuson 
et  al.5  This  ion  source  was  bench  tested 
with  metallic  iron  and  mounted  in  the 
high  voltage  terminal  of  the  DTM  Van  de 
Graaff.  The  basic  feature  of  the  design  is 
a  high  temperature  (over  1500°C),  where 
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sufficiently  high  vapor  pressures  of  vari- 
ous elements  are  produced.  These  vapors 
are  in  turn  ionized  by  a  beam  of  low- 
energy  electrons  (25  eV-150  eV),  con- 
fined to  spiral  in  an  axial  magnetic  field. 
The  singly  and  doubly  ionized  species  are 
then  extracted  at  the  exit  aperture  of  the 
oven  and  electrostatically  focused  to  a 
spot  at  the  entrance  to  the  beam  tube  of 
the  Van  de  Graaff.  With  iron  the  source 
gave  beam  currents  of  8  to  12  micro- 
amperes of  unseparated  Fe+  and  Fe++  ions. 
However,  currents  of  only  5  to  20  nano- 
amperes  were  obtained  in  the  beam  ex- 
citation chamber.  Modifications  of  ion- 
optics  in  the  source  failed  to  increase  the 
transmitted  beam,  and  it  is  evident  that  a 
redesign  of  the  optics  for  injection  into 
the  accelerator  is  necessary. 


Potassium  and  Rubidium 

G.  E.  Assousa,  L.  Brown,  W.  K.  Ford,  Jr., 
and  C.  K.  Kumar 

The  DTM  alkali  source  used  earlier  for 
the  study  of  foil-  and  gas-excited  spectra 
of  sodium  {Year  Book  66,  p.  66)  was 
re-introduced  for  a  study  of  the  remain- 
ing alkalis.  Using  a  600  keV  potassium 
beam  we  have  identified  several  transi- 
tions in  KII  and  Kill.  These  lines  are 
listed  in  Tables  1  and  2,  respectively. 
Lifetimes  for  several  levels  in  KII  were 
recently  reported  by  Berry  et  al.G  (see 
Table  1).  The  lifetimes  of  Kill  have 
been  measured  by  Anderson  et  at.7  (see 
Table  2). 

We  have  also  taken  spectra  of  rubidium 
at  600  keV.  Line  identification  and  life- 
time measurements  for  identifiable  upper 
levels  are  in  progress. 


TABLE  1.  KII  Lines  Identified  in  the  Beam-Foil  Spectrum  of  Potassium  at  600  keV 

Bombarding  Energy 


Upper 

Lifetime  (ns) 

Upper 

Lifetime  (ns) 

Level 
(Paschen 

Wave- 
length 

Level 
(Paschen 

Wave- 
length 

Present           Berry 

Present 

Berry 

notation) 

(nm) 

Work             et  aV 

notation) 

(nm) 

Work 

et  al.6 

2Pi 

353.1 

4.5±0.3 

2P, 

446.7 

2p2 

400.1 
422.3 
389.9 

7.3             5.4±0.5 
7.2+0.7 

411.5 
414.9 
434.0 

8.8±0.5 

2P3 

368.2 

8.0±0.4 

442.3 

. . . 

378.3 

2Ps 

413.5 

7.5 

. . . 

397.3 

. . . 

426.3 

. . . 

404.3 

. . . 

450.5 

10.0+0.6 

430.9 

. . . 

459.6 

. . . 

2P* 

414.9 

. . . 

494.3 

438.8 

10.3±0.6 

2Po 

418.6 

8.1±0.6 

404.0 

. . . 

2Pio 

500.6 

8.9±0.9 

387.4 

. .  • 

2s4 

430.5 

. . . 

2P, 

376.8 

. .  • 

380.0 

. . . 

395.5 

6.5 

2S5 

381.8 

3.1±0.1 

428.9 

. . . 

386.1 

. . . 

2pa 

389.8 
401.2 
460.9 

8.3±0.6 

2s2 

409.4 
445.5 

387.9 

... 

422.6 

7.2±0.7 

394.3 

3.2+0.4 

430.5 

2s3 

401.8 
493.9 
406.2 
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TABLE  2.  K  III  Lines  Identified  in  the  Beam- 
Foil  Spectrum  of  Potassium  at  600  keV 
Bombarding  Energy 


Wave- 

Upper 

length 

Lifetime  (ns) 

Level 

(nm) 

Anderson  etal? 

4p  4P°5/2 

346.8 

4p  4P°3/2 

351.4 
342.1 

2.9 

4p  4P°1/2 

335.8 

4p  2P°3/2 

336.4 

3.0 

Solar  Iron  Abundance 

C.  K. 

Kumar 

The  abundance  of  iron  in  the  Sun  has 
been  a  controversial  topic  for  some  years 
because  of  the  apparent  discrepancy  be- 
tween coronal  and  photospheric  values. 
An  accurate  knowledge  of  this  datum  has 
become  even  more  important  because  of 
its  influence  on  the  solar  neutrino  flux. 
According  to  Bahcall  and  Ulrich,8  "Both 
the  expected  capture  rate  in  37C1  (solar 
neutrino)  experiment  and  the  primordial 
helium  abundance  are  sensitive  to  the 
precise  value  of  the  primordial  ratio  of 
iron  to  hydrogen.  .  .  ."  Table  3  lists  the 
landmarks  in  the  determination  of  the 
abundance  of  iron  in  the  Sun> 

The  recent  determinations  seem  to 
favor  the  higher  value  for  the  iron  abun- 
dance. Because  of  the  importance  of  the 
solar  abundance  of  iron,  the  new  results 
need  to  be  carefully  inspected.  On  closer 
examination  we  find  that  the  method  em- 
ployed by  Garz  et  al.10  yields  results 
which  depend  on  (1)  velocity  fields  in  the 
Sun,  (2)  line  damping  constant,  and  (3) 
solar  granulation.  The  coronal  method  of 


Pottasch  n  suffers  from  the  fact  that  the 
corona  is  an  extremely  inhomogeneous 
medium.  The  method  of  Grevasse  and 
Swings12  avoids  difficulties  associated 
with  the  physical  properties  of  the  line- 
forming  region  because  the  [Fell]  lines 
in  the  Sun  are  very  weak.  Grevasse  and 
Swings  studied  about  20  [Fell]  lines  in 
the  photospheric  spectrum,  of  which  all 
but  one  have  an  equivalent  width  W  ^ 
2  mA.  Since  they  are  extremely  weak 
lines,  it  is  possible  that  many  of  them  con- 
tain blends  which,  if  not  recognized,  lead 
to  a  high  value  for  the  iron  abundance.  I 
examined  this  problem  and  the  results 
are  presented  below. 

In  the  solar  spectrum,  only  the  stronger 
molecular  lines  have  been  identified;  in 
particular,  the  satellite  lines  have  been 
ignored.  The  wavelengths  of  these  lines 
were  computed,  as  well  as  those  of  other 
molecular  lines  which  had  not  been  meas- 
ured in  the  laboratory  but  which  could  be 
obtained  from  combination  relations.  The 
molecules  investigated  were  CH,  C2,  NH, 
MgH  and  SiH,  and  CN,  all  of  which  have 
been  identified  in  the  photospheric  spec- 
trum. The  available  tables  of  atomic  line 
wavelengths  were  searched  to  see  if  any 
blends  were  overlooked.  Although  a  num- 
ber of  coincidences  were  found,  only  those 
for  which  the  estimated  strengths  are  sig- 
nificant have  been  retained.  The  results 
are  given  in  Table  4.  The  last  column 
gives  the  derived  iron  abundance  after 
correction  for  blends. 

As  Table  4  shows,  six  of  the  twenty 
lines  studied  by  Grevasse  and  Swings  are 
definitely  blended.  It  is  to  be  noted  that 


TABLE  3.  Solar  Iron  Abundance  Determinations 


Source  of 

Type  of 

Source  of 

2V(Fe) 

Log  mm 

Data 

Transition 

f  Value 

Reference 

Photosphere 

allowed 

experimental  and 
theoretical 

-5.4 

Goldberg,  Muller  and 
Aller(1960)9 

Photosphere 

allowed 

experiment 

-4.4  ±  0.3 

Garz,  etal.  (1969) 10 

Photosphere 

forbidden 
[Fe  II] 

theory 

-4.5  ±  0.3 

Grevasse  &  Swings  (1969) 12 

Corona 

allowed 

theory 

-4.3 

Pottasch  (1963)  " 
also  see  Goldberg  (1967) 13 

DEPARTMENT     OF     TERRESTRIAL     MAGNETISM 

TABLE  4.  Blended  [Fe  II]  Lines 


333 


Wave- 

Observed 

Equivalent  Width 

length 

Line  Width 

Blends,  with 

of  Blends 

Corrected 

(nm) 

(mA) 

Blend  Wavelengths  (nm) 

(mA) 

Log[Ar(Fe)/iV(H)] 

441.378 

1.3 

Cell  at  441.380 

—  0.74 

-4.9 

448.875 

0.3 

Cell  at  448.881 

—  1 

<-6.0 

446.444 

0.2 

Nd  II  at  446.445 

not  known 

472.806 

0.83 

C2(1-0)R3(2)  at  472.810 

—  0.2 

-4.7 

515.880 

2.02 

C2(0-0)Q2(2)  at  515.881 

—  0.3 

-4.7 

541.264 

0.93 

Gd  II  at  541.264,  and 

C2(2-3)  R2(44)  at  541.265 

—  0.5 

-4.5 

our  search  for  blends  is  by  no  means  com- 
plete, because  of  lack  of  any  laboratory 
data  on  molecules  such  as  FeH  and  be- 
cause high  excitation  levels  of  atoms  and 
ions  have  not  been  completely  mapped. 
Table  4  shows  that  even  an  incomplete 
search  gives  the  result  that  one  third  of 
the  lines  studied  by  Grevasse  and  Swings 
are  affected  by  blends.  Therefore,  we  feel 
that  the  forbidden  lines  of  Fell  in  the 
solar  spectrum  suggest  for  the  solar  abun- 
dance a  value  closer  to  log  [iV(Fe)/ 
AT(H)]  —  -5.0  than  to  -4.5. 

It  is  well  known  that  the  H"  ion  is  the 
main  source  of  continuous  opacity  in  the 
solar  atmosphere.  However,  the  limb- 
darkening  observations  of  Pierce  and 
Waddell 14  indicated  additional  opacity 
shortward  of  450  nm.  By  virtue  of  their 
abundance  in  the  Sun  and  their  atomic 
properties,  it  is  unlikely  that  any  atom 
or  ion  is  responsible  for  this  additional 
opacity.  In  view  of  its  large  concentra- 
tion in  the  Sun  and  its  low  dissociation 
potential,  it  was  thought  that  the  CH 
molecule  might  provide  the  required 
opacity.  To  test  this  hypothesis,  the 
photo-dissociation  cross  section  of  CH 
was  computed  for  a  wavelength  of  400 
nm.  It  turned  out  that  the  cross  section 
was  two  orders  of  magnitude  too  low  to 
explain  the  opacity  discrepancy.  No 
other  molecular  species  present  in  the 
Sun  fills  the  bill,  either.  I  think  that  this 
problem  can  be  solved  only  by  a  careful 
analysis  of  line-blanketing  or  some  other 
nonlocal  thermodynamic  equilibrium 
processes. 


Nuclear  Physics 
L.  Brown,  E.  Steiner,  and  T.  I.  Bonner 

Beryllium-8  has  a  fleeting  existence, 
the  lifetime  of  its  ground  state  being  only 
9.7  X  10"17  sec,  but  few  isotopes  have 
commanded  so  much  attention.  Indeed, 
the  first  nuclear  reaction  observed  at 
DTM  by  Tuve  in  1932  (Year  Book  32, 
p.  219)  was  the  bombardment  of  natural 
lithium.  This  was  the  first  of  a  series  of 
studies  of  8Be,  which  is  frequently  ob- 
served through  the  bombardment  of  7Li 
by  protons  or  the  scattering  of  a-particles 
by  helium.  (See  Year  Book  35,  p.  257; 
Year  Book  37,  p.  269;  Year  Book  47,  p. 
76;  Year  Book  51,  p.  83;  Year  Book  52, 
p.  121 ;  Year  Book  55,  p.  108;  Year  Book 
61,  p.  243;  Year  Book  67,  p.  294.)  The 
interest  in  this  particular  isotope  is  well 
founded  because  it  is  a  relatively  simple 
nuclear  system,  which  one  hopes  can  be 
explained  from  fundamental  principles 
someday,  and  because  it  is  an  important 
constituent  in  stellar  hydrogen  burning. 

In  recent  years  we  have  introduced  two 
new  instruments  into  the  study  of  8Be: 
the  polarized  ion  source  of  the  University 
of  Basel,  mounted  in  the  DTM  accelera- 
tor, and  the  electronic  computer.  We 
have  previously  used  the  polarized  proton 
beam  to  initiate  the  reaction  7Li(p,«)4He 
(see  Year  Book  67,  p.  294).  Analyses  of 
our  results  were  recently  made  independ- 
ently by  F.  C.  Barker  of  the  Australian 
National  University  and  R.  G.  Seyler  of 
the  Ohio  State  University.   Barker's  and 
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Seyler's  analyses  showed  that  the  struc- 
ture previously  accepted  was  not  consist- 
ent with  our  polarization  data.  It  is 
especially  gratifying  that  a  simpler 
scheme  resulted:  The  levels  that  repro- 
duce all  available  data  are  the  0+  states  at 
19.7  and  21.8  MeV  and  the  2+  states  at 
20.1  and  22.2  MeV.  Basic  laws  of  quan- 
tum mechanics  allow  this  reaction  to  pro- 
ceed only  through  levels  of  even  angular 
momentum  and  even  parity.  Reference 
to  Fig.  1,  which  shows  the  energy  levels 
in  the  region  of  our  interest,  is  useful  here 
and  in  what  follows.  The  levels  at  21.8 
and  22.2  MeV  are  beyond  the  energy  of 
our  accelerator  and  were  determined  from 
polarization  measurements  made  at  the 
University  of  Wisconsin  in  a  comple- 
mentary experiment.  Figure  2  shows  a 
plot,  as  a  function  of  proton  energy,  of  a 
coefficient  that  describes  the  polarization 
(see  Year  Book  67,  p.  294).  The  DTM 
and  Wisconsin  data  are  shown  together 
with  the  smooth  curve  from  Barker's  R- 
matrix  analysis.  The  dashed  curve  is  a 
shell  model  calculation,  which  is  a  poor 
fit,  but  which  gave  the  clue  to  the  struc- 
ture. The  i?-matrix  analysis  does  not 
suffer  from  the  limitations  of  the  shell 
model. 

In  Year  Book  69,  p.  382,  we  described 
the  preparation  for  measuring  the  elastic 
scattering  of  polarized  protons  by  7Li  and 
the  phase-shift  analysis  planned  for  the 
data.  The  experiment  has  been  completed 
and  the  analysis  is  well  advanced.  The 
object  of  the  phase-shift  analysis,  as  al- 
ways, is  the  determination  of  a  set  of 
phase  shifts  that  we  hope  can  be  repro- 
duced later  by  a  nuclear  potential,  as 
has  been  done  for  4He(p,p)4He  (see  Year 
Book  67,  p.  298) .  This  aspect  of  the  work 
is  proceeding  well,  but,  in  addition,  there 
are  three  effects  worthy  of  note.  (1)  The 
level  at  18.15  MeV  (1.03  MeV  proton  en- 
ergy) can  be  described  by  a  single,  reso- 
nating phase-shift  only  if  channel  spin 
mixing  is  allowed;  (2)  the  level  at  19.05 
MeV  (2.06  MeV  proton  energy)  is  a  5P8; 
and  (3)  the  behavior  of  both  S-phases  at 
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Fig.  1.  Partial  energy  level  diagram  for  8Be. 
The  horizontal  lines  represent  excited  states 
whose  energy  above  the  ground  state,  Ex,  is 
given  at  the  left  of  each  line  in  MeV.  At  the 
right  of  each  line  the  total  angular  momentum, 
;',  and  parity,  tt,  are  given  and  in  a  few  cases  the 
isobaric  spin,  T,  is  set  to  the  right  of  the  line. 
Threshold  energies  for  the  nucleus  becoming 
unbound  are  indicated  at  the  extreme  left  with 
arrows  on  which  are  written  the  particles  in- 
volved. For  those  levels  that  are  unbound  for 
7Li  +  p,  the  proton  laboratory  energy  is  given 
in  the  center.  Only  two  excited  states  are  known 
to  exist  between  the  ground  state  and  16.6  MeV. 
The  levels  at  19.7  and  20.1  MeV  resulted  from 
our  measurements  with  7Li(p,a)4Hei,  and  the 
two  at  21.8  and  22.2  MeV  resulted  from  similar 
polarization  studies  at  the  University  of  Wis- 
consin. The  angular  momentum  and  parity  of 
the  state  at  19.05  MeV  have  been  determined 
by  our  work  with  7Li(p,p)7Li.  It  is  perhaps 
worth  noting  that  the  states  at  17.64,  18.15  and 
20.9  MeV  were  discovered  by  DTM  experi- 
mentalists. 
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3  4 

Ep  (MeV) 

Fig.  2.  Plot  of  the  coefficient  of  the  Legendre  polynomial  Pi/2  (cos  6),  which  suffices  to  describe 
the  polarization  of  7Li(p,a)4He,  as  a  function  of  laboratory  proton  energy.  The  open  circles  up  to 
Ep  =  3.2  MeV  are  DTM  data,  those  at  higher  energies  are  University  of  Wisconsin  data.  The  solid 
curve  is  calculated  from  the  theoretical  .ft -matrix  of  F.  C.  Barker,  based  on  the  structure  indicated 
at  the  top  of  the  graph.  The  dashed  curve  is  the  result  of  a  shell  model  calculation  that  suggested 
this  structure. 


the  neutron  threshold  just  below  the  level 
at  19.05  MeV  (denoted  7Be  +  n  in  Fig.  1) 
is  anomalous  and  seems  to  be  charac- 
teristic of  a  class  of  states  heretofore 
neglected. 

We  used  the  18.15  MeV  level  primarily 
to  test  our  analysis  and  data,  because  its 
quantum  numbers  had  been  determined 
previously.  It  was  known  that  L-S  cou- 
pling could  not  describe  this  level,  and 
since  our  analysis  is  parameterized  in  L-S 
notation,  we  could  not  fit  the  data  by  al- 
lowing a  single  phase  shift  to  resonate. 
What  resulted  was  the  ability  to  fit  with 
either  the  5Pi  or  3Pi  phase  resonating, 
each  with  its  own  energy-independent 
value  of  the  mixing  between  quintuplet 
and  triplet.  This  result  was  not  surpris- 
ing, at  least  after  we  were  forced  to  accept 
it.  We  know  of  no  such  behavior  of  phases 
in  any  other  work.  These  results  should 
lead  to  an  accurate  determination  of  the 
coupling. 

The  location  of  the  19.05  MeV  level  has 
been  known  for  about  twenty  years,  but, 
in  spite  of  several  attempts,  its  quantum 
numbers  have  never  been  established. 
This  level  was  often  studied  through  the 


reaction  7Li((p,n)7Be  with  approximate 
methods  of  analysis  that  led  to  conflicting 
results.  Determining  the  quantum  num- 
bers was  particularly  complicated  by  the 
apparent  need  for  one  or  more  S-states 
nearby.  The  phase-shift  analysis  shows 
clearly  that  the  19.05  MeV  level  is  5P3, 
which  also  means  that  f  =  3+,  i.e.,  its 
total  angular  momentum  is  3  and  its  par- 
ity even.  The  confusion  concerning  possi- 
ble S-states  nearby  results  from  the 
anomalous  behavior  of  the  S-phases  that 
characterize  the  neutron  threshold. 

Excited  states  of  nuclei  have  been 
grouped  into  two  classes,  namely,  bound 
states  and  resonant  (unbound)  states. 
There  is  evidence,  however,  for  a  third 
class  of  states,  called  virtual  states  in 
nuclear  physics,  that  are  associated  with 
thresholds.  Such  states  have  received 
limited  theoretical  treatment  (the  work 
of  K.  W.  McVoy  of  the  University  of 
Wisconsin  being  the  most  extensive)  pri- 
marily because  so  few  experimental  re- 
sults were  at  hand.  The  anomalous  be- 
havior of  our  S-phases  seems,  at  least 
qualitatively,  to  characterize  such  virtual 
states. 
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K.  Sinha,  S.  E.  ForbushrG.  L.  Davis,  T.  E.  Krogh,  J.  Mattinson,  A.  Hojmann, 

D.  W .  Evertson,  M.  Casaverde,  R.Salgueiro,  S.Suyehiro,  C.Brooks, 

A.  Rodriguez,  D.  Simoni,  L.   Tamayo,  S.   del  Pozo, 

J.  Bannister,  A.  A.  Giesecke,  Jr.,  R.  Cabre, 

E.  Kausel,  F.  Volponi 

The  group  of  succinct  summaries  which  strain  change.   Therefore,  very  slow  ac- 

follow  are  intended  to  provide  the  flavor  cumulations  of  strain  which  might  be  in 

of  the  activities  in  the  geophysics  sec-  some  way  indicative  of  impending  earth- 

tion.  A  favorite  description  of  that  flavor  quakes  are  not  easily  measurable.   Both 

has  always  been  that  we  are  studying  these  disadvantages  are  overcome  in  the 

both  process  and  history  in  the  factors  type  of  borehole  strainmeter  illustrated 

that  govern  the  evolution  of  our  local  in  Fig.  3. 

planet.  Certainly  the  discussions  of  our  A  liquid-filled  resilient  cylinder  is  inti- 
efforts  this  past  year  are  heavily  weighted  mately  coupled  to  the  rock.  When  the 
towards  process ;  even  the  ancient  history  strain  in  the  rock  changes,  liquid  is  dis- 
of  the  continents  is  directed  toward  under-  placed,  contracting  or  extending  a  thin- 
standing  the  processes  outlined  by  theo-  walled  bellows  into  a  gas-filled  volume 
ries  of  plate  tectonics.  The  South  Ameri-  whose  pressure  is  substantially  independ- 
can  continent  continues  to  demand  ent  of  the  rock  strain  changes.  The  mo- 
considerable  attention,  and  several  coop-  tion  of  the  bellows  is  transmitted  to  a 
erative  programs  with  numerous  Latin  differential  transformer  as  well  as  to  a 
colleagues  are  active.  Instrumental  de-  bimorph-type  piezoelectric  crystal.  The 
velopments  remain  as  an  important  part  frequency  response  of  the  bimorph  sensor 
of  our  scientific  life.  The  activities  asso-  and  its  associated  FET  amplifier  is  flat 
ciated  with  these  various  efforts  are  de-  for  periods  from  1  second  to  20  minutes, 
scribed  more  fully  below.  At    lower   frequencies    it   is    strain-rate 

sensitive.  The  output  from  the  differential 

Seismology     ^  transformer  is  strain  sensitive  at  all  fre- 
quencies. At  the  present  state  of  develop- 

Borehole  Strainmeter s— Japan  ment,  the  internal  noise  from  the  bimorph 

Installation  sensor  is  about  three  times  greater  than 

/.  S.  Sacks,  S.  Suyehiro,  and  D.  W.  Evertson  the  best  of  the  earlier  solion  strain-rate 

meters.  The  noise  of  the  differential  trans- 
Borehole  strainmeters,  using  solions  as  former  sensor  is  at  present  about  an  order 
flow  sensors,  have  been  operating  in  a  of  magnitude  greater  but  this  is  almost 
borehole  on  the  Department  of  Terres-  entirely  due  to  the  noise  of  the  reference 
trial  Magnetism  campus  for  a  few  years,  oscillator.  It  is  expected  that  this  will  be 
This  type  has  proved  to  have  extremely  improved  substantially  by  more  refined 
low  internal  noise  but  was  not  deemed  electronic  design.  Some  promising  test 
ideal  for  installation  in  earthquake  re-  results  have  already  been  achieved  using 
gions  for  two  reasons:  The  first  is  that  it  crystal-controlled  oscillators.  The  strain- 
is  necessary  to  protect  the  solion  from  meter  may  be  calibrated  internally  over  a 
saturation    velocities    which    would    be  very  wide  range. 

caused  by  the  radiated  oscillating  strain  The  sensors  are  protected  against  the 
due  to  nearby  earthquakes.  This  can  be  acceleration  due  to  near  earthquakes  in 
done  by  severe  low  pass  filtering,  as  was  two  ways:  First,  the  large  alternating 
described  in  Year  Book  69,  pp.  437-438.  pressures  in  the  reference  volume  due  to  a 
The  other  disadvantage  is  that  the  output  local  earthquake  are  filtered  by  a  con- 
is   proportional   to   the   velocity   of  the  striction  between  the  reference  volume 
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Fig.  3.  Schematic  view  of  strainmeter.  The  vessel,  which  is  in  intimate  contact  with  the  rock, 
is  deformed  by  the  strain  change,  forcing  oil  from  volume  A  through  constriction  R  into  bellows 
BL.  The  bellows  extends  (or  contracts),  displacing  the  oil  into  the  gas  space.  Arm  L  rotates  about 
flexural  pivot  P.  This  movement  is  measured  both  by  the  differential  transformer  DT  and  by  the 
bimorph,  B.  Volume  change  steps  for  calibration  are  provided  by  the  stiffer  bellows  C,  which  is 
driven  by  a  differential  screw  thread  micrometer  controlled  by  a  stepper  motor.  The  minimum 
calibration  step  is  5  X  10~10  and  the  maximum  is  4  X  10~5.  A  valve  V  is  used  to  mechanically 
center  the  system;  this  valve  is  used  often  in  the  early  stages  of  an  installation  when  the  curing 
of  the  concrete  causes  substantial  prestress,  but  only  rarely  thereafter.  The  inset  is  a  schematic  of 
the  installation. 


and  the  sensing  bellows.  The  diameter 
and  length  of  the  constriction  together 
with  the  compliance  of  the  oil  in  the  ref- 
erence volume  give  a  cutoff  frequency  of 
1  cps.  Second,  the  mechanical  arm  is 
further  damped  by  the  dash  pot,  which  is 
made  up  of  the  fixed  cylinder  and  moving 
piston  of  the  differential  transformer. 
The  measured  equivalent  strain  noise  of 
the  unit  is  of  the  order  of  10"11  at  periods 
shorter  than  about  ten  minutes  and  the 
maximum  strain  signal  which  may  be 
measured  is  10"5.  One  instrument  has 
been  operating  on  the  DTM  campus  since 


March  1970  and  preliminary  results  were 
sufficiently  promising  that  it  was  decided 
to  go  ahead  with  an  installation  in  an 
earthquake  area.  The  Matsushiro  area  in 
central  Honshu,  Japan,  was  chosen  for 
the  following  reasons:  There  are  still  a 
substantial  number  of  nearby  earth- 
quakes which  are  the  tail  end  of  an 
extremely  active  swarm  which  had  its 
peak  activity  in  1966.  Since  the  strain 
field  from  an  earthquake  decreases  with 
the  cube  of  the  distance,  there  is  consid- 
erable advantage  in  being  very  close  to 
the  earthquake  if  one  wants  to  measure 
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the  change  in  the  strain  field.  Further- 
more, this  is  a  very  fully  instrumented 
region,  partly  as  a  result  of  the  swarm, 
and  has  a  sensitive  100-meter  quartz  bar 
extensometer  in  the  observatory  of  the 
Japan  Meteorological  Agency  (J.M.A.). 
It  was  decided  that  the  first  instal- 
lation should  be  such  that  it  would  be 
able  to  answer  some  fundamental  ques- 
tions. It  has  been  observed  that  strain 
steps  from  earthquakes  reported  in  the 
literature  have  been  characterized  by 
extremely  large  scatter.  We  wondered  if 
this  scatter,  as  well  as  the  occasionally 
very  large  values  reported,  could  be  due 
to  either  defects  in  the  instrumentation  or 
geological  effects,  such  as  motion  along 
joints  or  faults  when  these  are  subjected 
to  substantial  vibration  by  local  earth- 
quakes. To  check  this,  two  instruments 
have  been  installed,  just  300  meters  apart. 
A  third  instrument  has  been  installed 
near  the  Nagano  Observatory  of  the 
Earthquake  Research  Institute  of  the 
University  of  Tokyo,  which  is  about  15 
kilometers  away  from  the  pair  in  the 
Matsushiro  Observatory  of  the  J.M.A.  It 
is  hoped  to  evaluate  the  strain  field  de- 
crease with  distance  for  local  earthquakes 
with  this  instrument.  The  "instruments 
were  installed  by  mid-January  1971  and 
became  operational  on  a  routine  basis  by 
mid-March.  It  is  not  yet  certain  that  the 
special  expansive  cement  used  to  couple 


the  instruments  to  the  rock  has  reached 
steady  state,  but  a  determination  of  the 
secular  strain  made  late  in  March  indi- 
cates that  the  borehole  strainmeters  ex- 
hibit the  same  gross  rate  as  do  the  exten- 
someters.  Table  5  shows  the  results  to 
date.  It  appears  that  a  number  of  the 
steps  on  the  extensometer  are  probably 
spurious.  The  good  agreement  between 
the  steps  recorded  on  the  Nagano  and  the 
Matsushiro  borehole  instruments  for  an 
earthquake  approximately  equidistant 
from  them  is  encouraging  (see  Table  5, 
event  of  March  20  at  10h  13m) .  Figure  4 
shows  local  and  regional  earthquakes  re- 
corded on  the  borehole  strainmeters  and 
on  the  100  m  quartz  bar  extensometer. 
Strain  steps  on  the  latter  instrument, 
which  may  be  spurious,  are  also  shown. 

Figure  5  compares  the  record  of  a  dis- 
tant earthquake  (New  Guinea)  as  writ- 
ten by  the  strainmeter  with  those  from  a 
three-component,  30-second  pendulum 
seismograph.  The  earthquake  occurred 
almost  due  south  of  the  station,  so  that 
the  east-west  component  of  the  seismo- 
graph is  almost  transverse,  while  the 
north-south  component  is  closely  radial 
to  the  source.  Note  that  the  Love  waves, 
which  are  large  on  the  transverse  com- 
ponent (east-west),  do  not  show  on  the 
strainmeter,  whereas  the  Rayleigh  waves 
are  well  recorded.  This  is  in  accordance 
with  theory.   The  shear  arrival  is  clearly 


TABLE  5.  Strain  Steps  Recorded  by  Borehole  Strainmeters  and  Quartz  Bar  Extensometers 


Borehole 

Epicentral 

Quartz  Bar 

Strainmeters 

Distance 

Extensometers 

(Bimorph 

output) 

(km) 

(X  io-9) 

(X  IO"9 

Magnitude 

To 

To 

(Richter 

Date 

Time 

N-S 

E-W 

MAT 

NGN 

MAT 

NGN 

scale) 

Feb.   26 

08h32m 

0 

-1.5 

0 

0 

local 

local 

3.0 

Mar.  20 

10h13m 

-12 

0 

4.8 

2.4 

10 

10 

4.8 

Mar.  22 

19h40m 

0 

+0.3 

0 

0 

350 

350 

5.4 

Mar.  22 

20h10m 

0 

+5.0 

0.1 

0 

5 

12 

3.4 

Mar.  22 

20h12m 

0 

-3.5 

0 

0 

4 

11 

3.6 

Mar.  26 

10h46m 

0 

-3.5 

0.6 

0 

7 

17 

3.8 

MAT — the  Matsushiro  Observatory  of  the  Japan  Meteorological  Agency. 

NGN — the   Nagano   Observatory   of   the   Earthquake  Research  Institute  of  the  University  of 
Tokyo. 
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COMPARISON  BETWEEN    BOREHOLE   STRAINMETER 
AND  QUARTZ    BAR  EXTENSOMETER 
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Fig.  4.  Strain  seismograms  from  local  and  regional  earthquakes  recorded  by  the  borehole  strain- 
meters  and  the  100-meter  quartz  bar  extensometers.  B  is  a  record  of  an  earthquake  of  M  =  5.4 
at  a  distance  of  350  km.  The  upper  two  traces,  from  the  Nagano  (NGN)  and  Matsushiro  (MAT) 
strainmeters,  respectively,  show  good  agreement.  The  same  event  is  also  in  A,  the  small  amplitude 
being  due  to  low  pass  filtering  applied  to  the  extensometers.  The  third  trace  in  B  is  a  higher-gain 
version  of  the  second  trace  in  which  the  periods  longer  than  120  seconds  are  attenuated  at  6  db/ 
octave.  C  shows  two  similar  local  earthquakes  that  occurred  less  than  two  minutes  apart.  The 
strain  steps  on  the  borehole  instruments  are  of  the  order  of  10~10.  The  east-west  extensometer,  how- 
ever, recorded  a  strain  step  of  5  X  10"9  for  the  first,  but  a  step  of  opposite  sign  of  3.5  X  10-9  for 
the  second.  These  discordant  steps  may  be  due  to  the  extensometers'  vulnerability  to  the  strong 
vibration  from  a  local  earthquake.  The  north-south  extensometer  showed  no  step  above  its  noise, 
which  is  somewhat  less  than  10~9.  Bm  indicates  output  from  bimorph  sensor.  Sensitivity.  Quartz 
bar  extensometer:  2  X  10-9  per  division;  Bm:  2.4  X  10-9  per  division;  Bm  HPF:  6  X  10_1°  per 
division.  Earthquakes.  (1)  Off  Fukushima  Pref.  A  —  350  km,  M  =  5.4.  (2),  (3) :  Matsushiro  local 
shocks.  Both  A  «  10  km,  M  «*  4. 
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WEST    NEW  GUINEA  EARTHQUAKE     07*  23*     JAN.  10*,     1971 
A  :  39°,      M  :  8,      AZIMUTH  :  1 78° 
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Fig.  5.  Comparison  of  a  strain  seismogram  from  a  large,  distant  earthquake,  approximately  due 
south  of  Matsushiro,  with  records  from  a  three-component  seismograph  with  30-second  pendu- 
lums. Note  that  the  Love  waves,  which  are  dominant  on  the  transverse  (E-W)  component  arriv- 
ing at  about  9  minutes,  hardly  appear  on  the  strainmeter,  whereas  the  Rayleigh  waves  (at  about 
11  minutes)  are  dominant  on  the  strainmeter  and  on  the  vertical  and  radial  seismographs.  The 
strainmeter  was  cemented  into  its  borehole  on  the  21st  of  the  previous  month. 


recorded  because  Sv  is  converted  to  P  at 
the  free  surface.  Thus,  thexstrainmeter 
records  P,  Sv  and  Rayleigh  waves  but  not 
Love  or  Sh  waves. 

This  work  is  supported  in  Japan  by  the 
United  States— Japan  cooperative  research 
program  in  geophysics,  the  National  Sci- 
ence Foundation,  and  the  Carnegie  Insti- 
tution of  Washington.  The  H.  0.  Wood 
Fund  has  supported  the  instrument  design 
and  construction. 

The  Q  Structure  of  South  America 

I.  S.  Sacks 

The  mobility  of  the  continents  and  the 
motions  of  the  spreading  ocean  floors  in- 
dicate that  there  must  be  a  region  of  low 
strength  in  the  upper  mantle.  One  of  the 
parameters  most  sensitive  to  viscosity 
and  rigidity  is  anelasticity,  particularly 
of  shear  waves.  The  areal  distribution  of 
Q  for  the  upper  kilometers  of  the  mantle 


was  shown  earlier  {Year  Book  67,  pp. 
339-344)  to  conform  to  no  simple  pattern 
in  the  South  American  region.  This  re- 
sult contrasts  with  those  reported  from 
the  Fiji  region  and  also  from  Japan.  Fur- 
ther study  of  South  American  Q  structure 
has  reinforced  the  earlier  conclusions. 
Figure  6  shows  a  comprehensive  map  of 
high-  and  low-Qs  paths  in  South  America 
for  waves  traveling  from  deep  earth- 
quakes (h  >  450  km) .  High-Qs  paths  are 
found  at  stations  far  from  the  coast  and 
well  above  the  dipping  seismic  plane,  e.g., 
Cuzco  (CUZ  2  in  Fig.  6),  while  low-Qs 
paths  are  observed  at  stations  on  the 
coast,  e.g.,  ATI  3  or  Chala.  The  reverse 
situation  is  also  found,  e.g.,  Toconce 
(TCC  6)  and  Antofagasta  (ANT  7)  in 
northern  Chile.  It  was  of  course  of  great 
interest  to  know  where  and  at  what  depth 
the  absorption  of  the  high  frequency  was 
taking  place. 

In  order  to  minimize  the  number  of  as- 
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Fig.  6.  High-Q  and  low-Q  paths  for  shear  waves  from  deep  earthquakes  in  South  America.  High 
Qs  is  about  450  and  low  Q,  about  160.  The  intermediate  arrival  is  one  in  which  the  direct, 
least-time  wave  is  of  low  Q  but  is  followed  by  a  high-Q  arrival  which  is  often  emergent  in  char- 
acter. The  time  difference  between  the  two  arrivals  varies  from  station  to  station  and  is  in  the 
range  4-20  seconds.  It  is  apparent  that  the  pattern  of  low-  and  high-Q  paths  is  not  related  to  the 
tectonic  features  observed  on  the  surface  in  a  simple  way.  The  Q  structure  as  a  function  of  depth 
reveals  that  the  Q  variations  shown  in  the  figure  are  due  to  variations  in  the  anelasticity  of  a  low-Q 
zone  that  lies  between  350  and  about  500  km. 


sumptions  that  must  be  made  to  obtain  a 
reliable  estimate  of  Q,  only  spectral  ratio 
methods  were  used.  These  methods  do 
not  require  knowledge  of  the  spectral  ra- 
diation of  the  source.  The  principles  of 
the  method  were  described  by  Sacks  in 
Year  Book  66,  pp.  28-32.  As  the  local 
structure  around  the  station  can  have  a 
strong  modifying  effect  on  the  spectrum, 
all  sites  for  the  broad-band  stations  were 
carefully  chosen  so  that  the  seismometers 
would  be  in  contact  with  good  rock.  Even 
so,  in  at  least  one  case  there  is  a  peak  in 
the  seismometer  ground  system  response 
which  has  to  be  corrected  for. 

The  three  broad-band  seismograph  sta- 
tions   in    South    America,    Trujillo    and 


Cuzco  in  Peru,  and  Toconce  in  Chile,  were 
compared  by  studying  PKP  arrivals.  The 
earthquakes  chosen  for  study  were  those 
for  which  the  travel  distance  to  each 
station  was  more  or  less  the  same.  It  was 
found  that  the  Toconce  station  has  a 
peak  in  its  response  at  about  1  cps,  which 
is  five  times  greater  than  expected.  This 
peak  occurs  at  about  1.2  seconds  for  shear 
waves.  The  technique  used  for  the  de- 
termination of  Q  versus  depth  was  gen- 
erally to  compare  the  spectra  from  the 
same  earthquake  recorded  at  two  differ- 
ent stations,  one  of  which  was  close  to 
the  source  and  the  other  much  farther 
away.  Thus,  for  earthquakes  near  To- 
conce, the  path  to  the  Cuzco  station  was 
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much  longer  and  the  waves  suffered  cor- 
respondingly greater  high  frequency  ab- 
sorption, whereas  for  earthquakes  near 
Cuzco  the  reverse  was  true.  By  treating 
earthquakes  at  different  depths,  it  is  pos- 
sible to  determine  the  Q  structure  with  a 
minimum  number  of  assumptions,  since 
both  the  source  spectrum  and  the  station 
effects  are  allowed  for.  This  is  particu- 
larly important  in  regions  where  the  Q  is 
very  high,  for  in  this  case  the  waves  are 
but  little  affected  during  their  traverse  of 
the  high-Q  region  and  thus  the  station 
and  source  effects  are  relatively  more 
important. 

Earlier  work  by  Sumner  (1967)  15  had 
shown  that  the  Qp  for  the  upper  100  km 
along  the  west  coast  of  Peru  was  of  the 
order  of  1000  or  more.  Our  study  is  in 
agreement  with  the  earlier  one  and  indi- 
cates that  a  value  of  1300  for  the  upper 
100  km  in  Peru  satisfies  the  data  best. 
The  Qs  structure  is  shown  in  Fig.  7.  It 
has  been  found  that  Qs  increases  from  the 
surface  down  to  a  depth  of  at  least  350 
km  reaching  a  very  high  value  of  1400 
near  this  depth.  No  shallower  major 
low-Q  features  have  been  found  to  date. 
However,  below  this  depth,  Qs  drops  ex- 


tremely rapidly  to  a  value  of  between  35 
and  160,  possibly  due  to  partial  melting. 
The  Qs  then  increases  until  it  reaches  a 
value  of  about  460  at  a  depth  of  600  km. 
It  is  difficult  to  determine  whether  this 
increase  is  rapid  or  gradual.  The  low-Q 
zone  appears  to  be  coincident  with  that 
region  in  South  America  which  is  earth- 
quake free.  It  may  be  assumed  that  in 
most  of  the  region  between  350  and  500 
km  the  plasticity  is  sufficiently  large  so 
that  strain  energy  is  not  stored. 

It  has  been  pointed  out  earlier  that  not 
all  paths  from  deep  earthquakes  are 
equally  absorptive ;  in  fact,  three  different 
types  of  arrivals  have  been  recognized. 
The  first  is  a  relatively  high-Q  arrival 
(CUZ,  ANT,  ZON,  AYE)  which  has  an 
average  Qp  value  of  1000  and  an  average 
Qs  of  460.  There  is  also  a  much  lower-Q 
arrival  with  an  apparent  Qp  value  of  350 
and  Qs  of  160  (e.g.  Puno,  Chala) ,  as  well 
as  an  intermediate  type  of  arrival  in 
which  the  direct  shear  wave  has  gone 
through  a  low-Q  path  but  is  followed 
within  4-20  seconds  by  waves  of  much 
higher  frequency.  It  is  conjectured  that 
Q  in  this  low-Q  region  is  not  constant  but 
varies  laterally  between  the  values  of  35 
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Fig.  7.  The  Q»  structure  of  western  South  America.  The  zone  marked  "low-Q  path"  and  "high-Q 
path"  shows  the  variation  in  the  low-Q  layer  which  accounts  for  the  differences  in  the  spectrum 
of  shear  arrivals  from  deep  earthquakes  observed  at  the  seismograph  stations  shown  on  Fig.  6.  The 
Q  values  in  Chile  are  significantly  lower  than  those  in  Peru. 
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and  160  for  S  waves.  The  location  of 
these  higher-Q  pathways  through  the 
low-Q  zone  does  not  seem  to  have  any 
apparent  simple  relationship  to  tectonic 
features.  The  higher-Q  later  arrivals 
could  be  those  diffracted  or  refracted 
around  the  edges  of  the  high-Q  holes  even 
if  the  direct,  least-time  path  is  not 
through  the  high-Q  region. 

In  the  Peru  region,  at  any  rate,  all  the 
variations  in  overall  Q  from  deep  earth- 
quakes seen  at  the  surface  (the  apparent 
Q  varies  by  a  factor  of  3)  are  caused  by 
lateral  inhomogeneities  below  350  km. 
The  Q  of  the  upper  350  km  is  so  high  that 
variations  in  it  do  not  appreciably  change 
the  wave-form  at  the  surface.  It  should 
be  noted  that  the  earthquake  activity  be- 
neath Peru  is  almost  continuous  between 
the  dipping  seismic  plane  and  the  surface. 
In  northern  Chile  the  Q  values  are  sig- 
nificantly lower  than  those  in  Peru.  The 
Qp  of  the  upper  100  km  beneath  Chile  is 
only  about  500-600,  whereas  that  beneath 
Peru  is  1300-1500.  The  seismicity  also 
shows  more  of  a  gap  between  the  surface 
earthquakes  than  between  those  of  the 
dipping  seismic  plane.  However,  the 
earthquake-free  zone  between  350  and 
500  km  holds  for  this  region  as  well. 

It  is  of  interest  to  compare  the  South 
American  region  with  island-arc  struc- 
tures such  as  Japan  or  Fiji-Tonga.  In  the 
latter  region,  investigators  have  found 
that  the  dipping  seismic  plane,  which  is 
high  Q,  has  a  low-Q  region  above  it.  In 
Fiji  this  extends  almost  to  the  line  of 
volcanos,  which,  surprisingly,  are  above  a 
high-Q  region;  and  in  Japan  the  low-Q 
region  extends  even  beyond  the  line  of 
volcanos.  In  South  America,  however, 
this  same  region  is  very  high  Q,  so  that 
the  concept  of  a  relatively  thin  but  strong 
plate  (less  than  100  km  thick)  dipping 
down  below  the  continent  and  bounded 
on  either  side  by  low-rigidity,  low-Q 
material  does  not  seem  to  apply.  We 
have  also  determined  that  the  Q  value 
beneath  the  seismic  plane  is  moderately 
high.  This  has  been  done  by  observing 
deep  Argentine  earthquakes  on  the  Peru- 


vian coast  at  Trujillo.  However,  the  de- 
tailed Q  structure  in  the  region  below  the 
seismic  plane  has  not  yet  been  completely 
determined  nor  has  the  dip  of  the  low-Q 
region.  Presumably,  it  thins  both  to  the 
east  and  the  west. 

In  Japan  and  the  Fiji-Tonga  regions, 
travel  time  anomaly  studies  have  indi- 
cated that  velocity  in  the  seismic  plane  is 
significantly  higher  (6-7%)  than  in  the 
surrounding  regions,  but  a  comparable 
study  in  South  America  is  complicated  by 
the  effects  of  the  Andes  Mountains, 
which  seem  to  be  dominant  in  this  regard. 

It  is  hoped  that  a  detailed,  precise,  and 
quantitative  study  beneath  Japan  and 
South  America  will  indicate  what  the  dif- 
ferences and  similarities  are  in  the 
anomalous  structure  and,  therefore,  what 
the  basic  dynamic  parameters  are. 

To  summarize:  (1)  In  contrast  to 
studies  reported  from  other  regions  where 
high-Q  paths  from  deep  earthquakes  are 
interpreted  as  being  confined  to  thin, 
high-Q  slabs,  the  paths  in  South  America 
are  influenced  by  variations  in  a  low-Q 
region  below  350  km.  (2)  The  continental 
block  is  rigid  down  to  this  350-km  depth, 
particularly  in  Peru. 

Dimensions,  Energy,  and  Stress  Release 
for  South  American  Deep  Earthquakes 

A.  T.  Linde  and  I.  S.  Sacks 

Analysis  of  radiated  body  waves  from 
a  set  of  South  American  deep  earthquakes 
(focal  depths  ^^600  km)  indicates  the 
existence  of  a  dominant  period  in  the  dis- 
placement amplitude  spectrum,  as  pre- 
dicted by  Archambeau's  (1968)  theory.16 
For  P  waves  the  dominant  period  in- 
creases from  1.5  seconds  to  30  seconds  as 
the  magnitude  varies  from  3.8  to  6.1,  as 
shown  in  Fig.  8.  In  terms  of  Archambeau's 
theory,  this  indicates  rupture  zones  with 
dimensions  in  the  range  3  km  to  30  km. 
Such  a  range  is  consistent  with  estimates 
made  on  the  assumption  that  the  duration 
of  high-frequency  radiation  is  a  measure 
of  the  size  of  the  event.  Radiated  energy 
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Fig.  8.  Dominant  period  vs.  ms  (C.G.S.).  S 
waves  always  have  a  peak  at  a  longer  period  than 
that  of  the  corresponding  P  waves.  Despite  the 
scatter,  Tma*  increases  with  magnitude. 

has  been  obtained  by  integrating  over  the 

arrival  and  correcting  back  to  the  source. 

A  simple  source  model  is  proposed  in 

which  strain  energy  is  released  as  a  result 
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Fig.  9.  Dominant  period  vs.  energy  (E)  in 
ergs.  Curves  through  the  S  values  are  obtained 
by  a  vertical  shift  of  the  P  curves  by  an  amount 
corresponding  to  the  wave  velocity  ratio. 


of  slip  across  a  thin  molten  disk.  If  the 
energy  loss  is  that  required  to  melt  the 
disk,  then  efficiency  increases  with  mag- 
nitude. For  a  stress  drop  (assumed  com- 
plete) of  3  bars,  as  may  be  seen  in  Fig.  9, 
this  model  yields  a  relation  which  agrees 
well  with  the  experimental  results  for 
events  with  magnitudes  less  than  6. 
Larger  events  depart  from  this  simple 
relation,  radiating  more  energy  per  unit 
volume,  possibly  because  they  draw  rela- 
tively more  energy  from  greater  depths 
where  the  strength  is  higher.  A  study  of 
shallower  events  ( — 200  km)  is  in  prog- 
ress. 

A  Model  for  the  Evolution  of  the 
Central  Andes 

D.  E.  James 

Introduction.  The  past  decade  has  been 
one  of  virtual  revolution  in  the  earth  sci- 
ences, for  it  is  undeniably  true  that  the 
advent  and  general  acceptance  of  the 
theory  of  sea  floor  spreading  and  its  corol- 
lary, plate  tectonics,  have  led  to  import- 
ant new  insights  into  many  fundamental 
processes  of  geology  and  geophysics.  Ac- 
cording to  the  theory  of  plate  tectonics, 
the  outer  rind  of  the  earth  consists  of 
rigid  lithospheric  plates  in  motion  relative 
to  one  another.  These  plates  are  gener- 
ated at  ocean  ridges  and  consumed  at 
trenches,  and  the  bulk  of  global  seismic 
and  orogenic  activity  occurs  at  these 
plate  junctures.  The  plates  are  perhaps 
as  little  as  0-10  km  thick  at  ocean  ridges 
and  as  much  as  200  km  or  more  thick  far 
from  ridges.  When  two  plates  collide,  one 
plate  is  normally  thrust  under  the  other, 
and  the  upper  part  of  the  descending 
plate  is  marked  by  a  zone  of  high  seismic 
activity  (the  Benioff  zone) . 

Recent  applications  of  plate  tectonics 
theory  to  continental  areas  have  led  to 
important  revisions  in  concepts  of  the 
evolution  of  major  geological  features  of 
orogenic  belts.  The  Andean  orogen  ap- 
pears to  be  a  modern  active  analogue 
(Hamilton,  1969)  17  of  inactive  cordil- 
leran  mountain  belts  now  interpreted  in 
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terms  of  continental  margin  plate  tecton- 
ics. It  is  my  intent  in  this  study  to  ex- 
amine available  geophysical  and  geolog- 
ical data  of  the  central  Andes  with  a  view 
toward  interpreting  Andean  evolution 
within  the  framework  of  plate  tectonics. 

Setting.  The  area  of  this  study  includes 
Southern  Peru,  Bolivia,  and  northern 
Chile  and  is  shown  in  Fig.  10.  The  prin- 
cipal morphological  provinces  of  the  cen- 
tral Andes — the  eastern  cordillera,  west- 
ern    cordillera,     and     altiplano  —  are 


indicated  in  Fig.  10  and  are  sufficiently 
distinct  geologically  that  they  form  a 
convenient  framework  for  discussion  (see 
Fig.  11  for  a  geologic  outline  map).  The 
eastern  cordillera  consists  primarily  of 
continental  shelf  and  slope  deposits  of 
Paleozoic  age,  totalling  10-15  km  in 
thickness.  These  marine  deposits  have 
been  extensively  folded  and  thrust- 
faulted  eastward,  principally  as  a  result 
of  Cenozoic  compression  from  the  west. 
Few  intrusives  or  extrusives  are  associ- 
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Fig.  10.   Map  of  central  Andes  showing  the  morphological  provinces  considered  in  this  paper. 
A-A'  indicates  line  of  structure  cross  sections  shown  in  Fig.  13. 
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Fig.  11.  Outline  geological  map  showing  distribution  of  major  rock  types  in  the  central  Andes 
(after  Geologic  Map  of  South  America,  published  by  the  Commission  on  the  Geologic  Map  of  the 
World,  1963). 


ated  with  the  eastern  cordillera.  The 
western  cordillera,  in  contrast,  consists 
almost  entirely  of  volcanic  and  plutonic 
rocks  of  Mesozoic  and  Cenozoic  age  to- 
gether with  sedimentary  rocks  composed 
mainly  of  volcanic  and  plutonic  detritus. 
Flanking  the  volcanic  crest  of  the  western 
cordillera  to  the  west  is  the  granitic 
Andean  batholith.  The  rocks  of  the 
batholith  range  in  age  from  Lower  Juras- 
sic to  mid-Cenozoic  and  are  progressively 
younger   eastward.    The   altiplano  is   a 


depositional  basin  situated  between  the 
two  cordilleras  and,  since  late  Mesozoic 
time,  has  been  a  site  of  massive  deposition 
of  continental  clastic  debris  shed  from  the 
adjacent  mountains.  In  the  well-studied 
Lake  Titicaca  region,  Newell  (1949)  18 
reports  that  Cretaceous  rocks  have  an 
aggregate  thickness  of  nearly  7  km.  The 
Cenozoic  sequence  in  Bolivian  parts  of 
the  altiplano  may  aggregate  as  much  as 
15  km  (Evernden,  et  al,  1966)  .19  If  a 
Paleozoic  section  of  thickness  comparable 
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to  that  found  in  the  eastern  cordillera  lies 
beneath  the  Cretaceous  rocks  of  the  Lake 
Titicaca  region,  the  total  sedimentary 
rock  section  there  could  be  in  excess  of 
30  km. 

One  aspect  of  especial  importance  in 
providing  the  central  Andean  setting  is 
the  geometry  of  the  colliding  South  Amer- 
ican and  Pacific  plates.  If  the  assumption 
is  made  that  the  top  of  the  low-velocity, 
high-attenuation  channel  for  shear  waves 
corresponds  to  the  base  of  the  lithospheric 
plate,  it  becomes  possible  to  study  the 
lithospheric  plates  in  detail.  Taking  this 
assumption  to  be  valid,  the  seismic  results 
indicate  that  the  South  American  litho- 
spheric plate  is  very  thick,  about  200  to 
300  km.  This  conclusion  results  from  the 
observations,  reported  in  previous  Year 
Books,  that  no  low-velocity,  high  seismic- 
attenuation  channel  for  shear  waves  is 
encountered  to  depths  of  about  300  km. 
The  same  kinds  of  observations  also  indi- 
cate that  the  underthrust  Pacific  plate  is 
only  50-60  km  thick.  Figure  12  compares 
this  interpretation  of  South  American 
structure  with  the  structure  of  the  Tonga- 
Fiji  island  arc  as  interpreted  by  Oliver 
and  Isacks  (1967)  .20  Behind  (west  of) 
the  Tonga  arc  there  may  actually  be  a 
gap  in  which  there  exists  no  lithospheric 
plate,  whereas  behind  (east  of)  the  Peru- 


Chile  volcanic  arc  the  South  American 
plate  is  continuous  and  of  considerable 
thickness.  This  important  contrast  be- 
tween the  two  areas  may  explain  some 
principal  differences.  In  the  Tonga-Fiji 
region,  the  downgoing  lithospheric  plate 
is  bounded  both  top  and  bottom  by  com- 
paratively mobile  asthenosphere.  Thus, 
at  depths  greater  than  about  100  km, 
virtually  all  of  the  earthquakes  occur 
within  the  downgoing  lithospheric  plate 
(Sykes,  1966)  .21  Moreover,  overturn  may 
occur  in  the  asthenosphere  above  the  de- 
scending slab,  producing  secondary 
spreading  behind  the  arc  (e.g.,  Karig, 
1970). 22  In  contrast,  earthquakes  are  not 
confined  to  the  Benioff  zone  beneath  South 
America  nor  is  there  any  evidence  of 
spreading  behind  the  arc.  These  observa- 
tions lead  to  the  conclusion  that  the  pres- 
ence of  a  thick  lithospheric  plate  beneath 
South  America  precludes  the  possibility 
of  secondary  spreading  (or  convection) 
and  that,  therefore,  the  stresses  induced 
by  the  downgoing  slab  produce  seismic 
activity  rather  than  convective  overturn 
in  the  rigid  South  American  lithosphere 
above  the  Benioff  zone. 

Evolution  Model.  A  schematic  repre- 
sentation of  events  from  Paleozoic  to 
Quaternary  times  is  presented  in  Fig.  13. 
The    evolution    of    the    central    Andean 


TONGA 


JJ}2_ 


•w,  c  E  H1R  AL      AND  E  S 


EAST    PAC  I  FIC         ^^ 

R|SE  TRENCH  COAST  CORDlVLiRA  COKDIllMA 


5  100 


200 


300 


J\ 


Fig.  12.  Schematic  cross  section  showing  juncture  between  South  American  and  Pacific  plates. 
Plate  configuration  for  Tonga  arc  is  shown  for  comparison  and  is  adapted  from  Oliver  and  Isacks 
et  al.  (1967).20  Diagonal  hatching  indicates  region  of  moderate  seismicity;  square  hatching  indi- 
cates regions  of  high  seismicity.  M  denotes  Mohorovicic  discontinuity. 
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Fig.  13.  Schematic  sequence  of  cross  sections  (appropriate  for  line  A-A'  of  Fig.  10)  illustrating 
a  model  for  the  evolution  of  the  central  Andes.  M  denotes  M-discontinuity.  Ml.  de- 
notes "magic  isotherm"  and  is  presumed  to  indicate  the  temperature  at  which  melting  or  water 
release  (or  some  other  critical  process)  occurs  in  the  lithospheric  slab.  Arrows  denote  rising 
magma.  See  text  for  further  discussion. 

orogen  is  here  envisioned  to  have  resulted  time.   The  model  pertains  principally  to 

from    interaction    between    the    South  that  part  of  the  central  Andes  situated 

American  and  South  Pacific  plates  which  between  about  14°  and  11°  south  latitude, 

has  continued  essentially  without  change  although    other    areas,    particularly    in 

from   earliest   Mesozoic   to  the   present  northern   Chile,   have   provided  missing 
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elements  to  the  synthesis.  The  cross  sec- 
tion itself  is  roughly  along  line  A— A'  of 
Fig.  10.  Geographic  terminology  relates 
to  the  present  day. 

Underthrusting  of  the  Pacific  plate  was 
initiated  at  least  by  late  Triassic  time 
and  has  continued  without  substantial 
change  to  the  present.  Prior  to  under- 
thrusting,  the  west  coast  of  South  America 
was  quiescent  and  great  thicknesses  of 
Paleozoic  continental  shelf  and  slope  de- 
posits were  laid  down  in  an  area  east  of 
the  present  volcanic  arc.  In  late  Triassic 
or  early  Jurassic  time  an  incipient  arc 
began  to  form  at  or  west  of  the  present 
coast  of  South  America.  Igneous  activity 
has  migrated  eastward  since  that  time, 
culminating  in  the  Pliocene-Pleistocene 
volcanic  episode.  The  crust  beneath  the 
volcanic  cordillera  is  in  excess  of  70  km 
thick  and  probably  consists  largely  of 
rocks  compositionally  equivalent  to  those 
of  the  volcano-plutonic  suites  observed  at 
the  surface. 

Increase  in  crustal  volume  of  the  vol- 
canic arc  between  Cretaceous  time  and 
the  present  implies  either  that  the  under- 
lying mantle  has  undergone  18-36%  par- 
tial melting  or  that  1—2  km  of  rock  has 
been  melted  from  the  underthrust  plate. 
The  intrusion  of  melt  into  the  crust  be- 
neath the  volcanic  cordillera  and  the  re- 
sultant crustal  dilatation  produced  con- 
tinentward  compression  of  the  Paleozoic 
sedimentary  rocks  which  form  an  easterly 
belt  of  thrust  and  fold  mountains.  Here 
crustal  foreshortening  has  resulted  in 
crustal  thicknesses  of  50-55  km.  Few 
deposits  of  the  type  normally  termed 
eugeosynclinal,  and  no  ophiolites,  are 
observed  between  trench  and  volcanic 
arc;  it  is  only  in  the  intermontane  fore- 
deep  behind  the  arc  that  a  clastic  wedge 
of  geosynclinal  proportions  has  formed. 

Seismic  Anisotropy  in  the  Crust  of  the 
Southeastern  U.S. 

LeRoy  M.  Dorman 

Seismic  velocity  anisotropy  of  up  to 
8%  has  been  observed  in  the  upper  man- 


tle of  the  Pacific  Ocean.  In  the  half  dozen 
or  so  places  where  measurements  have 
been  made,  the  direction  of  maximum 
anisotropy  is  parallel  to  the  fracture 
zones  and  thus  parallel  to  the  direction  of 
sea  floor  spreading  at  the  time  of  forma- 
tion of  the  crust  (Raitt,  et  al.)  ,23 

There  is  as  yet  no  conclusive  answer  to 
the  question  of  how  the  anisotropy  is 
produced;  i.e.,  whether  the  rock  is  aniso- 
tropic due  to  preferential  orientation  of 
anisotropic  crystals  or  whether  there  is 
linear  structure  present  on  a  larger  scale. 

The  present  work  gives  an  example  of 
seismic  anisotropy  of  <^A2%  in  both 
compressional  and  shear  velocities  ob- 
served in  continental  crust.  The  data  are 
travel-time  observations  principally  from 
quarry  explosions  at  distances  ^45-200 
km  in  the  piedmont  of  Georgia.  Previ- 
ously, short  (1  km)  refraction  profiles  in 
the  coastal  plain  showed  a  banded  pat- 
tern in  the  velocity  of  the  crystalline 
basement  (Bonini  and  Woollard,  1960)  .24 
The  bands  are  generally  parallel  to  the 
trend  of  the  Appalachian  Mountains,  and 
it  seems  that  this  inhomogeneity  on  the 
scale  of  a  few  km  appears  as  anisotropy 
when  viewed  with  much  coarser  resolu- 
tion. 

The  Relationship  between  Gravity  and 
Topography 

LeRoy  M .  Dorman  and  Brian  T.  R.  Lewis 

Probably  the  oldest  question  that  stu- 
dents of  the  earth  have  attempted  to  an- 
swer is  "why  are  there  mountains?" 
Measurements  of  the  deflection  of  the 
vertical  showed  that  mountain  ranges 
were  not  simply  piles  of  excess  mass  on 
the  surface  of  the  earth,  but  were  some- 
how associated  with  a  density  deficiency 
beneath  them.  Workers  in  this  century 
attempted  to  determine  the  depth  of  this 
"compensating"  deficiency  but  were  al- 
ways forced  to  assume  a  model  before 
beginning  their  calculations.  Recently, 
we  showed  how  to  extract  from  observa- 
tional data  the  isostatic  Green's  func- 
tion, the  disturbance  to  the  earth's  grav- 
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ity  field  caused  by  compensation  for  a 
concentrated  load  (Dorman  and  Lewis, 
1970)  .25  This  had  not  been  done  before, 
and  was  accomplished  by  considering  the 
topography  to  be  an  irregular  input  to  a 
linear  physical  system  (a  "black  box") 
and  the  Bouguer  gravity  anomaly  (chiefly 
the  gravity  field  due  to  the  compensating 
mass)  to  be  the  output  or  response.  Then, 
using  results  from  communication  theory 
(Lee,  1960)  ,26  we  can  obtain  the  impulse 
response  or  Green's  function.  If  we  then 
make  some  assumption  about  the  strength 
of  the  earth's  crust,  it  becomes  possible 
to  determine  the  density  changes  at 
depths  which  are  associated  with  the 
topographic  loads.  The  knowledge 
that  the  compensating  mass  must  be  sys- 
tematically related  to  the  topographic 
load  is  sufficient  to  overcome  the  inherent 
non-uniqueness  of  the  inverse  potential 
problem.  This  non-uniqueness  stems  from 
the  fact  that  the  potential  field  outside  a 
body  contains  insufficient  information  to 
define  the  density  distribution  within.  We 
performed  these  calculations  for  the  con- 
tinental United  States  (Lewis  and  Dor- 


man,  1970)  27  and  found  that  the  data  re- 
quired a  more  complicated  mechanism 
than  had  been  assumed  before;  specific- 
ally, it  seemed  that  the  data  required  that 
a  density  decrease  at  shallow  depth  (^^50 
km)  and  an  increase  somewhat  deeper, 
say  400  km,  be  associated  with  a  surface 
load.  There  is  qualitative  support  for  this 
from  seismic  evidence. 

Since  the  first  papers,  we  have  simpli- 
fied the  theory  somewhat  in  order  to 
make  it  more  limpid  (Dorman  and  Lewis, 
1971  ),28  and  have  applied  the  elegant 
formalism  of  Backus  and  Gilbert  (1970) 29 
to  the  problem  of  determining  the  density 
changes  as  a  function  of  depth  from  a 
Green's  function  which  contains  errors. 
This  is  basically  a  problem  of  evaluating 
the  tradeoff  between  accuracy  and  depth 
resolution,  and  it  turns  out  that  in  order 
to  say  with  an  80%  confidence  level  that 
the  data  require  the  density  increase,  we 
must  abandon  virtually  all  depth  resolu- 
tion. 

Figure  14  shows  a  harmonic  expansion 
of  the  Green's  function  actually  found 
(indicated  by  X's)  and  the  Green's  func- 
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Fig.  14.  The  harmonic  expansion  of  the  isostatic  Green's  function  for  the  continental  U.S.  Fil- 
tering the  topography  with  this  function  produces  the  gravity  field  due  to  the  compensation  of 
the  topography. 


DEPARTMENT     OF     TERRESTRIAL     MAGNETISM 


351 


DEPTH 


km 


P  VELOCITY  S  VELOCITY  DENSITY 

DIFFERENCE        DIFFERENCE       DIFFERENCE 
i 1 — i 

-0.25   0  +0.25 

kms-1 


100 


200 


300 


400 


500 


600 


700 


800 


900 


I0001- 


-0.25    0+0.25     -2.5XIO"6  0    +-2.5XI0"6 

kms*1  g  cm-4 


AVERAGED 
DENSITY 

DIFFERENCE 

1 ^ — i ' 

-I.OXIO"7     0         +I.0XI0"7 
%-4 


NEVADA    N3 

GREEN  AND  HALES  (1968) 

MINUS 
M1DC0NTINENT    US 
LEWIS  AND  MEYER  (1968) 

FROM   SEISMIC    REFRACTION 


f 


g  cm" 


LEWIS  AND  DORMAN   (1970) 
FROM  GRAVITY  AND  TOPOGRAPHY 


UJ 


TECTONIC  MINUS   SHIELD 
TOKSOZ    et  al.  (1967) 

FROM  SEISMIC   SURFACE  WAVES 


< 
CD 
UJ 

LlI 
CD 

2 

UJ 


> 

CO 

o 

Q_ 

UJ 
CD 
< 

or 

UJ 

> 

< 


PHYSICAL  CONTRASTS  BETWEEN  REGIONS 
(  TECTONIC   MINUS  UNDISTURBED  ) 

Fig.  15.  A  comparison  of  differences  in  P  velocity,  S  velocity,  and  density  between  tectonic  and 
continental  stable  regions  shows  a  dipolar  character,  i.e.,  negative  at  the  top  of  the  mantle  and 
positive  somewhere  beneath.  The  curve  titled  "density  difference"  is  that  given  by  Lewis  and  Dor- 
man  (1970),27  and  contains  oscillations  which  are  not  really  resolved  by  the  data.  Note  that  the 
maximum  excursions  of  density  are  an  order  of  magnitude  larger  than  those  indicated  for  the 
Backus-Gilbert  inversion  shown  as  "averaged  density  difference." 


tions  for  two  models,  one  without  a  dens- 
ity increase  (dashed  line)  and  the  other 
with  a  density  increase  (solid  line) . 

Figure  15  shows  the  inversion  results 
along  with  some  relevant  differences  in 
physical  properties  between  mountainous 
(tectonic)  and  undisturbed  regions.  The 
"averaged  density  difference"  indicates 
the  Backus-Gilbert  inversion  results.  The 
vertical  lines  represent  the  averaging 
width  and  the  horizontal  lines  ±  one 
standard  deviation  for  that  average. 

The  seismic  refraction  technique  is  the 
only  one  which  has   appreciable   depth 


resolution,  so  we  used  this  to  localize  the 
depth  of  the  density  increase  for  the 
model  giving  the  solid  line  in  Fig.  14.  The 
increase  is  about  20%  (±10%)  of  the 
topographic  load.  These  results  are  in 
agreement  with  the  hypothesis  of  tec- 
tonism  by  vertical  differentiation. 

Electrical  Conductivity  Studies 

L.    T.    Aldrich,    L.    Tamayo,    L.    Beach, 

L.  M .  Dorman,  M .  Casaverde,  A.  Velas- 

guez,    A.    Rodriguez,    D.    Simoni, 

R.  Salgueiro,  and  S.  del  Pozo 

During  the  report  year,  magnetic  in- 
duction data  from  ten  additional  sites  in 
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Peru  and  Bolivia  were  obtained  and  four 
sites  in  Argentina  and  Chile  were  estab- 
lished. A  procedure  for  digitizing  and 
obtaining  the  cross  power  spectra  of  the 
three  components  of  the  magnetic  field 
has  been  developed  and  tested  both  on  a 
single  magnetic  storm  recorded  at  about 
eight  stations  and  on  five  different  events 
at  the  same  station.  The  results  are  very 
satisfying,  and  provide  confirmation  of 
the  intuitive  result  that  induction  data 
characteristic  of  a  single  station  can  be 
obtained  independently.  Data  have  now 
been  obtained  from  about  40  stations  in 
Peru  and  Bolivia.  The  need  for  several 
additional  sites  in  eastern  Peru  and  west- 
ern Bolivia  has  led  to  the  construction  of 
six  " jungle-proof"  variometers  adapted 
from  a  design  by  Professor  I.  Gough. 
These  will  be  tested  for  suitability  at 
equatorial  latitudes,  using  the  facilities  of 
the  NOAA-NOS  magnetic  observatory  at 
Fredericksburg,  Virginia,  before  ship- 
ment to  Peru  and  Bolivia. 

Because  of  the  possibility  that  the 
Andean  conductivity  anomaly  might  be 
the  result  of  near-surface  (10  km  or  less) 
structure,  arrangements  were  made  to  use 
the  telegraph  lines  of  the  Southern  Peru 
Railway  between  Cuzco  and  Puno  to  de- 
termine this  structure  by  direct  measure- 
ments. Current  injection  points  up  to  30 
km  apart  showed  values  of  conductivity 
which  were  normal  for  near-surface  rocks. 
While  the  observations  were  in  progress, 
it  was  learned  that  a  double  copper  cable 
was  being  installed  in  this  area.  The 
same  experiment  with  the  new  cable  will 
permit  us  to  examine  the  conductivity 
structure  of  the  outer  50-75  km.  This 
should  be  deep  enough  to  detect  directly 
the  anomaly  given  by  the  magnetic  in- 
duction measurements.  This  experiment 
is  planned  for  May  1971. 
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the  National  Science  Foundation,  the 
Corporacion  del  Peru,  the  Southern  Peru 
Railroad,  the  Instituto  Geofisico  del  Peru, 
Lima,  and  the  Instituto  Geofisico,  Uni- 
versidad  Nacional  de  San  Agustin,  Are- 


guipa,  for  their  support  and  collaboration 
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Cosmic-Ray  Research 

S.  E.  Forbush  and  L.  Beach 

The  variation  of  the  cosmic-ray  diurnal 
anisotropy  with  a  period  of  two  sunspot 
cycles.  As  described  in  previous  Annual 
Reports,  the  annual  means  of  the  total 
cosmic-ray  diurnal  anisotropy  vector 
from  Carnegie  Institution  of  Washington 
ionization  chambers  are  well  represented 
as  the  sum  of  two  components,  V  and  W, 
where  V  and  W  are  in  the  asymptotic 
directions  90°  and  128°  east  of  the  sun, 
respectively.  When  data  were  available 
only  through  1965,  annual  means  of  W 
were  found  to  be  well  fitted  by  a  sine 
wave  with  a  period  of  two  solar  cycles, 
which  amounted  to  twenty  years  during 
the  interval  covered  by  the  data.  This 
wave  passed  through  zero  in  1958,  which 
coincided  with  Na  time  when  reversal  of 
the  sun's  poloidal  magnetic  field  was  in- 
dicated by  Babcock  from  his  measure- 
ments at  Mt.  Wilson  Observatory. 

Figure  16  shows  the  annual  means  of  W 
from  1937  to  1970.  The  dashed  curve  had 
been  fitted  to  the  points  when  data  were 
available  only  through  1965. 

It  is  evident  in  Fig.  16  that  the  four  or 
five  most  recent  annual  means  of  W  all 
lie  well  above  the  dashed  sine  wave, 
which  would  be  the  case  if  the  "period"  of 
the  variation,  after  about  1965  or  so,  had 
lengthened  to  more  than  20  years.  The 
latest  information  available  from  Mt. 
Wilson  indicates  that  the  sun's  poloidal 
magnetic  field  had  not  yet  definitely  re- 
versed in  1970.  If  later  values  of  W  be- 
come negative  near  the  time  when  the 
sun's  poloidal  field  does  reverse,  the  evi- 
dence will  be  quite  strong  that  the  varia- 
tion in  W  is  indeed  determined  by  the 
sun's  poloidal  magnetic  field. 

The  variations  in  V  (not  shown  here) 
were  previously  found  to  be  correlated 
with  appropriate  measures  of  geomag- 
netic activity. 
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Fig.  16.   Annual  means,  1937-1970,  of  the  component  W  of  the  diurnal  anisotropy  in  the  asymp- 
totic direction  128°  east  of  the  sun. 


Observations  and  reduction  of  data. 
Cosmic-ray  ionization  chambers  were 
operated  throughout  the  report  year  at 
Huancayo,  Peru,  at  Fredericksburg,  Vir- 
ginia, and  at  Christchurch,  New  Zealand. 
Scalings  and  reduction  of  records  have 
been  maintained  on  a  current  basis  for 
these  three  stations.  The  reductions  have 
been  greatly  facilitated  by  the  use  of  the 
IBM  1130  computer. 

Cooperation  in  operation  of  cosmic-ray 
meters.  Grateful  appreciation  is  expressed 
to  the  U.S.  Coast  and  Geodetic  Survey 
and  the  staff  of  its  magnetic  observatory 
at  Fredericksburg  for  efficient  operation 
of  the  cosmic-ray  meter  there  during  the 
past  report  year,  and  to  the  Government 
of  Peru  and  the  Director  and  staff  of  the 
Instituto  Geofisico  del  Peru  for  making 
cosmic-ray  records  from  Huancayo  avail- 
able. Grateful  appreciation  is  also  ex- 
pressed to  the  Director  and  staff  of  the 
Geophysical  Observatory  at  Christchurch, 
New  Zealand,  for  excellent  maintenance 


of  the  equipment  there  and  for  the  fine 
records  obtained. 

Geochemistry  and  Geochronology 

The  Geochemistry  of  Basaltic  Rocks 
S,  R.  Hart 

Basalts  are  derived  as  silicate  melts  by 
partial  melting  of  Earth's  upper  mantle. 
Despite  subsequent  changes  in  chemistry 
due  to  differentiation  or  fractionation 
effects,  these  volcanic  materials  are  still 
one  of  our  best  links  for  studying  the 
composition  of  the  upper  mantle.  With 
sufficient  knowledge  of  the  way  in  which 
elements  distribute  themselves  between 
these  melts  and  various  silicate  minerals, 
we  can  hope  to  distinguish  between  near- 
surface  differentiation  effects  and  those 
effects  due  to  the  partial  melting  process 
itself  or  related  to  the  chemical  and  min- 
eralogical  make-up  of  particular  regions 
of  the  mantle.  Trace  elements  and  radio- 
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genie  isotope  abundances  have  proved 
particularly  useful  in  such  studies;  in- 
deed, the  first  proof  and  documentation 
that  the  upper  mantle  is  chemically 
heterogeneous  employed  just  such  tech- 
niques (Gast,  Tilton,  and  Hedge,  1964; 30 
Gast,  1968  31). 

Basalts  show  a  wide  variation  in  trace 
element  content  and  it  is  convenient  to 
characterize  these  variations  in  terms  of 
basalt  type.  Dispersed  trace  elements 
(such  as  K,  Rb,  Cs,  Ba,  Sr,  U,  Th,  and  the 
rare  earths)  show  a  progressive  decrease 
in  concentration  in  going  through  the 
basalt  types:  alkali  basalt,  high  alumina 
basalt,  tholeiite,  and  sub-alkaline  tholei- 
ite.  Furthermore,  the  decrease  is  greatest 
for  the  larger  elements,  so  that  element 
ratios  such  as  K/Rb  or  Sr/Ba  are  highest 
in  the  sub-alkaline  tholeiites.  Certain  ba- 
salt types  may  be  restricted  to  certain  tec- 
tonic environments;  thus  the  mid-ocean 
spreading  ridges  are  characterized  by  sub- 
alkaline  tholeiites  which  show  the  great- 
est depletion  in  these  trace  elements  of 
any  basalt.  Basalts  from  the  region  of 
island  arcs  nearest  the  trench  are  re- 
stricted to  sub-alkaline  tholeiite  types, 
but  these  are  invariably  less  depleted 
than  mid-ocean  ridge  basalts.  Typical 
tholeiites  and  alkali  basalts  may  be  found 
in  other  parts  of  an  island  arc  and  on 
many  oceanic  islands,  but  are  extremely 
rare  on  the  mid-ocean  spreading  ridges. 

In  addition  to  being  very  depleted  in 
the  dispersed  trace  elements,  mid-ocean 
ridge  basalts  also  generally  contain  stron- 
tium, which  is  less  radiogenic  than  the  Sr 
in  either  oceanic-island  or  island-arc 
basalts.  This  relationship  has  been  ob- 
scured in  the  past  due  both  to  poor  experi- 
mental precision  and  to  the  frequently 
altered  nature  of  the  submarine  ridge  ba- 
salts. Using  the  high-precision  mass 
spectrometer  described  in  last  year's  re- 
port and  a  suite  of  fresh  submarine 
basalts,  we  can  now  show  unequivocally 
that  little  or  no  overlap  exists  between 
submarine  ridge  basalts  and  other  oceanic 
or  arc  basalts.  A  summary  of  these  data 


is  shown  on  Fig.  17,  where  Sr87/Sr86 
ratios  are  plotted  against  K/Rb  ratios. 
Note  that  whereas  ridge  basalts  have 
gr87/gr86  ratios  beiow  0.7029  (except  for 

one  group  of  samples  from  45 °N  on  the 
mid-Atlantic  ridge),  no  oceanic-island 
basalt  (or  island-arc  basalt)  is  known  to 
have  a  ratio  lower  than  0.7030.  Oceanic- 
island  and  island-arc  basalts  have  a  mean 
value  of  Sr87/Sr86  —0.7038,  strikingly 
higher  than  the  mean  value  of  0.7026  for 
submarine  ridge  basalts.  This  isotopic 
difference  reveals  a  distinct  problem  when 
the  kinematics  of  the  sub-oceanic  mantle 
is  considered.  Oceanic-island  ridge  basalts 
are  derived  from  a  different  type  of 
mantle  than  submarine  ridge  basalts,  and 
yet  some  of  these  islands  occur  very  near 
(or  on,  as  in  the  case  of  Iceland)  the 
spreading  ridges.  The  mantle  which  feeds 
the  ridges  must  pass  under  the  oceanic 
islands,  and  yet  it  somehow  maintains  an 
identity  distinct  from  that  of  the  mantle 
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Fig.  17.  Plot  of  Sr87Sr86  and  K/Rb  ratios  for 
various  oceanic  basalts.  The  Lau  Basin  and 
Mariana  Basin  are  oceanic  basins  lying  west  of 
the  Tonga  and  Mariana  Island  arcs,  respectively. 
The  field  labeled  MAR  includes  four  samples 
from  a  small  atypical  area  on  the  mid-Atlantic 
ridge,  45 °N.  The  large  field  of  depleted  ridge 
basalts  includes  samples  from  the  mid-Atlantic 
ridge  (circles)  and  the  Juan  de  Fuca  Ridge  and 
East  Pacific  Rise  (crossed  circles). 
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Fig.  18.  East-west  cross  section  through  the  Mariana  Island  arc.  Topography  relative  to  sea  level 
is  shown  at  the  top,  with  vertical  elevation  exaggerated.  The  underlying  seismic  zone  is  shown 
without  exaggerated  scale.  The  inter-arc  basin  is  presumed  to  form  by  extension  between  the  pres- 
ent volcanic  arc  and  the  older  extinct  volcanic  arc  (third  arc). 


which  is  supplying  magma  to  the  oceanic 
islands. 

Another  exciting  aspect  of  basalt  geo- 
chemistry was  uncovered  this  past  year 
when  analyses  were  completed  on  a  suite 
of  basalts  dredged  from  behind  the  Mari- 
ana island  arc  (supplied  to  us  by  Dr.  Dan 
Karig  and  the  Scripps  Institution  of 
Oceanography).  The  location  of  these 
samples  relative  to  the  trench,  the  vol- 
canic arc  itself,  and  the  underlying  seis- 
mic zone  is  shown  in  Fig.  18.  Karig 
(1970)  32  proposed  that  the  oceanic  basins 
behind  island  arcs  are  extensional  in 
origin  and  that  new  oceanic  crust  is  being 
formed  behind  the  volcanic  arcs.  Our 
analyses  of  basalts  dredged  from  this 
oceanic  crust  (see  Fig.  17)  strongly  sup- 
port this  concept,  as  the  isotopic  and  trace 
element  characteristics  of  these  basalts 
are  very  similar  to  those  of  basalts  from 


the  mid-ocean  spreading  ridges.  These 
data  show  that  ''depleted"  mantle  occurs 
behind  island  arcs  as  well  as  under  mid- 
ocean  spreading  ridges.  However,  since 
the  island  arcs  themselves  cannot  be  de- 
rived solely  from  this  mantle  (because  of 
the  difference  in  Sr87/Sr86  ratio) ,  we  are 
again  faced  with  the  problem  of  under- 
standing how  the  identities  of  two  distinct 
mantle  sources  can  be  maintained  when 
they  are  in  close  proximity  and  in  an 
area  of  great  mantle  mobility  (as  evi- 
denced by  the  spreading  of  the  inter-arc 
basin  and  the  subduction  of  lithospheric 
plate  beneath  the  trench) . 

Archaean  Volcanics 
A.  K.  Sinha,  J.  M.  Mattinson,  and  S.  R.  Hart 

As  we  have  shown  in  the  previous  sec- 
tion, basalts  from  various  tectonic  en- 
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vironments  have  trace  element  patterns 
which  are  distinctive  or  diagnostic  of  the 
particular  tectonic  setting  in  which  they 
are  found.  One  of  the  major  facets  of  the 
new  theory  of  plate  tectonics  is  its  appli- 
cability to  study  of  the  crustal  materials 
which  formed  early  in  Earth  history, 
in  an  attempt  to  understand  the  na- 
ture of  plate  geometry  and  plate 
interactions  in  the  past.  In  last 
year's  report,  we  showed  that  the  geo- 
chemistry of  Archaean  (2.7  X  109  years 
old)  volcanic  rocks  could  be  matched 
rather  closely  to  that  of  the  volcanics 
occurring  nearest  to  the  oceanic  trench 
systems  in  present-day  island  arcs.  We 
suggested  that  Archaean  volcanics  may 
be  viewed  as  components  of  ancient  island 
arcs  built  on  thin  lithospheric  plates  and 
occurring  in  multiple  belts  bounded  by 
trenches  and  shallow  reaching  subduction 
zones.    The   age   relationships   of   these 


ancient  volcanic  belts,  as  determined  by 
the  zircon  U-Pb  method,  are  discussed  in 
this  year's  Annual  Report  of  the  Geo- 
physical Laboratory.  We  have  broadened 
our  trace  element  and  isotopic  studies  of 
these  volcanics  during  this  past  year  so 
as  to  include  U-Th-Pb  concentrations 
and  Pb  isotopic  relationships. 

Because  of  the  well-known  mobility  of 
uranium  and  thorium  (and  perhaps  lead) 
in  volcanic  rocks  during  low-grade  meta- 
morphism  and  surface  weathering,  we  un- 
dertook various  studies  (such  as  strong 
acid  leaching  and  volatilization  at 
1000° C)  in  an  attempt  to  remove  loosely 
bound  fractions  of  these  trace  elements. 
Even  with  rather  drastic  pretreatments  of 
this  sort,  we  were  not  totally  successful  in 
surmounting  open  system  problems.  A 
good  example  of  open  system  behavior  is 
shown  when  the  data  are  plotted  on  a 
U-Pb  isochron  diagram,  as  in  Fig.  19.  If 


o 

CJ 

.o 
0l 

o 

CJ 

a. 


100 


120 


U238/Pb204 


Fig.  19.   Plot  of  observed  U237Pb2M  versus  Pb206/Pb204   ratios   for  total  spiked  volcanic  rocks. 
Note  the  increase  in  /*  at  younger  ages. 
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Fig.  20.  Plot  of  Pb207Pb204  versus  Pb^VPb204  ratios.   The  two  secondary  isochrons  pass  through 
measured  ratios  for  galena  from  Manitouwadge  (M). 


the  volcanic  rocks  had  crystallized  with  a 
single  type  of  primary  lead  and  had  re- 
mained a  closed  system  to  U  and  Pb  sub- 
sequently, the  data  points  would  form  a 
linear  array  (isochron)  with  slope  equiv- 
alent to  the  age  of  crystallization  (^^2.7 
b.y.).  It  is  clear  from  Fig.  19  that  many 
of  the  samples  lie  to  the  right  of  a  2.7- 
b.y.  isochron,  indicating  an  increase  in 
U/Pb  ratio  at  some  younger  age.  Simple 
addition  of  uranium  to  these  volcanics 
during  surface  weathering  could  produce 
the  scatter  observed  in  Fig.  19.  However, 
representation  of  the  data  on  a  common 
lead  diagram,  Fig.  20,  shows  that  the 
open  system  behavior  is  not  solely  of 
recent  age.  On  this  plot,  recent  changes 
in  uranium  concentration  would  not  affect 
the  points.  If  all  the  volcanics  started 
with  a  single  type  of  common  lead  (such 
as  that  given  by  the  ore  body  lead  at 
Manitouwadge),  the  data  points  would 
lie  on  a  secondary  isochron  giving  the  last 
age  at  which  the  volcanic  leads  were  equi- 
librated. Note  that  while  ten  of  the  vol- 
canics fall  approximately  on  a  secondary 
isochron  of  2.6  b.y.  age,  four  samples  fall 
significantly  below  this  isochron.  These 
low  points  may  represent  either  deriva- 
tion from  a  mantle  source  with  unusually 


low  U/Pb  ratio  or  addition  of  uranium  to 
a  typical  initial  lead  (e.g.,  Manitouwadge) 
at  some  later  time.  There  is  a  suggestion 
in  the  data  of  Fig.  19  of  a  "uranium  addi- 
tion" event  at  about  1200  m.y. 

Because  these  volcanics  underwent  low- 
grade  metamorphism  soon  after  their 
primary  crystallization,  it  is  not  possible 
to  identify  open  system  behavior  result- 
ing from  the  metamorphic  event.  There  is 
thus  considerable  uncertainty  in  deter- 
mining original  concentrations;  however, 
an  estimate  can  be  obtained  by  selecting 
only  those  volcanic  samples  which  lie 
closest  to  the  2.7  b.y.  isochron  in  Fig.  19. 
When  this  is  done,  the  variation  of  ura- 
nium and  thorium  concentration  in  six 
such  samples  is  found  to  be  surprisingly 
small  (uranium,  0.09-0.12  ppm;  thorium, 
0.62-0.70  ppm) ,  while  Pb  shows  a  larger 
range  of  concentrations  (0.6-9  ppm). 
Average  concentration  values  for  these 
samples  are  given  in  Table  6,  along  with 
K  and  Sr  data  determined  previously  and 
data  for  modern  oceanic  and  island  arc 
rocks  for  comparison.  It  is  noteworthy 
that  the  estimated  U,  Th,  and  Pb  con- 
centrations in  these  Archaean  volcanics 
are  unusually  low,  and,  like  the  other  dis- 
persed elements,  are  most  similar  to  con- 
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TABLE  6.   Trace  Element  Concentrations  in 
Volcanic  Rocks 


Archaean 

Island 

Spreading 

Basic 

Arc 

Ridge 

Volcanics 

Tholeiites*  Tholeiites 

U  (ppm) 

0.10 

0.10 

0.10 

Th  (ppm) 

0.66 

0.20 

0.14 

Pb  (ppm) 

1.4 

1.5 

0.80 

U238/Pb204 

7.7 

8.8 

8.6 

(calculated) 

U237Pb204 

5.1 

4.5 

8.0 

(measured) 

Th/U 

6.6 

2.0 

1.4 

K  (ppm) 

1800 

2000 

1160 

Sr  (ppm) 

150 

210 

136 

*  U-Th-Pb  data  from  Tatsumoto  and  Knight, 
1969 ,33 


centrations  in  the  low-K  tholeiites  of 
island  arcs  and  mid-ocean  spreading 
ridges.  Only  the  Th  concentration  and 
Th/U  ratio  appear  to  be  significantly 
higher  than  comparable  values  in  modern 
volcanic  rocks,  and  it  will  require  further 
studies  to  determine  whether  or  not  this 
relative  thorium  enrichment  in  Archaean 
rocks  is  a  primary  characteristic.  We 
appreciate  the  support  of  this  research  by 
the  National  Science  Foundation  through 
Grant  no.  GA  25713. 


Development  and  Construction  of  a 
Six-Inch  Mass  Spectrometer 

K.  Burrhus 

The  nine-inch  mass  spectrometer  com- 
pleted last  year  has  proved  highly  satis- 
factory. The  geochemical  data  obtained 
with  this  equipment  are  among  the  most 
precise  and  accurate  available.  We  were 
therefore  encouraged  to  undertake  the 
construction  of  a  six-inch  mass  spectrom- 
eter system  in  order  to  expand  our  analyt- 
ical capability.  All  of  the  mechanical 
components  have  been  completed  and  the 
electronic  components  are  well  enough 
advanced  to  allow  manual  control  of  the 
system. 

To  further  improve  precision  and  ac- 


curacy we  have  designed  a  flight  path 
tube  that  compensates  for  the  fringe  field 
effect  of  the  magnet  and  ensures  a  very 
precisely  aligned  source  and  collector. 
The  tube  is  constructed  of  three  separate 
sections  bolted  together  with  four-inch- 
square  flanges  9/16  inch  thick.  The  flanges 
are  precision  welded  to  the  tube  sections. 
The  two  end  segments  of  the  tube  are 
straight,  tubular  stainless  steel.  The  cen- 
ter section,  which  passes  through  the  mag- 
net gap,  was  fabricated  by  welding  stain- 
less steel  plates  0.050  inch  thick  around  a 
copper  mandrel  to  form  a  thin  flat  box. 
After  welding,  the  copper  mandrel  was 
dissolved  with  nitric  acid.  The  flanges 
are  welded  to  the  center  section  at  an 
angle  of  67.76°,  calculated  from  the 
measured  field  of  our  60°  sector  magnet. 

The  support  table  for  the  new  mass 
spectrometer  has  been  designed  to  be  very 
much  like  the  one  used  on  the  nine-inch 
instrument,  with  an  equilateral  triangular 
base  and  complete  position  control  ad- 
justments. The  source  housing  is  ma- 
chined from  a  solid  stainless  steel  forging 
and  contains  integral  control  valves  and 
an  in-line  beam  valve.  A  standard  me- 
chanical forepump  operating  through  a 
molecular-sieve,  a  50  lps  Vacion  pump 
attached  to  the  source  with  a  2%  inch 
valve,  and  a  15  lps  Vacion  pump  main- 
tain the  analyzer  at  a  pressure  less  than 
10"8  torr.  The  lens  is  identical  with  the 
one  used  in  the  nine-inch  system.  The 
collector  is  a  0.025-inch-wide  single  slit 
with  a  fixed  Faraday  cup. 

A  computer  control  system  is  currently 
under  construction  that  will  automatic- 
ally control  the  mass  spectrometer  and 
collect  and  process  the  data.  The  system 
uses  a  PDP-11  Digital  Equipment  Cor- 
poration computer  with  a  model  401  Cary 
electrometer,  a  Hewlett-Packard  2212A 
voltage-to-frequency  converter  and  a 
H-P  5216A  counter.  The  support  of  the 
National  Science  Foundation  (Grant  no. 
GA  25713)  was  instrumental  in  obtaining 
the  PDP-11  computer  and  is  gratefully 
acknowledged. 
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BIOPHYSICS 

R.  J.  Avery,  E.  T.  Bolton,  T.  I.  Bonner,  R.  J.  Britten,  M.  Byers,  D.  B.  Cowie,  B.  H.  Hoyer, 
D.  E.  Kohne,  N.  J.  Rice,  R.  B.  Roberts,  and  N.  A.  Straus 


Introduction 

This  annual  record  of  the  interests  and 
achievements  of  the  Section  provides  an 
opportunity  to  partially  portray  individ- 
ual personalities  and  enthusiasms  often 
not  discernible  in  more  formal  publica- 
tions of  scientific  results.  This  portrayal 
is  occasionally  important;  the  vast  range 
of  scientific  participation  within  the  In- 
stitution often  appears  to  dwarf  or  oc- 
clude some  essential  components  inherent 
in  scholarly  achievement.  It  is  the  indi- 
viduals, their  personal  and  scientific  in- 
terrelationships, which  are  of  ultimate 
significance  to  the  Institution's  objectives 
and  concepts.  In  the  Biophysics  Section 
individual  interests  appear  to  center  al- 
most entirely  on  the  nucleic  acids  of  living 
(or  near-living)  materials.  Such  a  sub- 
ject is  hardly  restrictive.  As  will  be  seen, 
these  interests  include  the  mechanisms  of 
evolution,  the  development  of  an  organ- 
ism, and  the  quantitative  identification 
and  characterization  of  nucleic  acid  com- 
ponents and  their  capacity  to  interact. 

Measurements  of  the  thermal  stability 
of  nucleic  acid  strands  (the  temperature 
at  which  they  dissociate)  have  been  used 
to  incidate  the  degree  of  evolutionary 
divergence  within  various  biological  sys- 
tems. One  aspect  of  these  studies  of  di- 
vergence concerns  evolutionary  events 
which  occur  as  a  consequence  of  a  con- 
tinuous series  of  base  pair  changes;  an- 
other, evident  in  higher  organisms,  postu- 
lates saltatory  events — in  which  families 
of  similar  nucleotide  sequences  appear  to 
have  originated  in  rather  sudden  events 
of  excessive  replication. 

From  the  investigation  of  a  primitive 
biological  system,  results  were  obtained 
indicating  other  evolutionary  processes  in 
which  large-scale  changes  in  nucleotide 
composition  appear  to  have  occurred.  It 
was  concluded  from  DNA-DNA  hybridi- 
zation studies  of  the  T-even   bacterio- 


phages that  these  linear,  essentially  non- 
repetitive  genomes  contain  species-specific 
nucleotide  sequences,  sequences  which  are 
clustered  and  are  probably  present  as  a 
consequence  of  a  relatively  few  evolution- 
ary events.  These  studies  also  provide  a 
means  of  determining  extremely  accur- 
ately the  relative  molecular  weights  of 
these  bacterial  viruses.  Significant  dif- 
ferences in  molecular  weights  relative  to 
the  T2  genome  were  obtained  for  the  T4 
and  T6  DNAs. 

The  rate  of  evolutionary  change  among 
rodents  appears  to  be  extremely  rapid 
compared  to  rates  observed  in  several 
other  mammalian  systems.  This  year 
Rice,  continuing  her  careful  and  extensive 
studies,  demonstrated  that  closely  related 
rodents,  as  well  as  those  more  distantly 
related,  show  a  rate  of  divergence  about 
ten  times  greater  than  that  of  the  pri- 
mates, studied  independently  by  Kohne 
and  co-workers.  These  two  studies  serve 
as  an  illustration  of  the  effectiveness  of 
the  interchange  existing  among  the  indi- 
vidual members  of  the  Section.  Together 
these  studies,  augmented  by  data  sup- 
plied by  others  on  the  rate  of  change  of 
another  class  of  mammals  (cow,  pig,  and 
sheep) ,  made  it  possible  to  postulate  that 
the  rate  of  evolutionary  change  is,  in  part, 
related  to  mammalian  generation  time. 
This  conclusion  suggests  that  during  the 
replication  process  genetic  alterations  oc- 
cur at  a  rate  high  enough  to  be  detected 
against  a  more  or  less  constant  back- 
ground of  change,  involving  essentially  a 
series  of  single  base-pair  alterations. 

Estimations  of  the  different  rates  of 
change  are  critically  dependent,  however, 
upon  a  knowledge  of  the  actual  time  at 
which  each  species  diverged.  Estimates 
of  these  divergence  times  are  varied,  and 
only  as  additional  experimental  informa- 
tion is  acquired  will  it  be  possible  to  de- 
cide with  certainty  whether  the  replica- 
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tion  process  itself  introduces  genetic 
variation. 

Other  portions  of  this  report  reflect  the 
participation  of  postdoctoral  students  se- 
lected annually  to  bring  to  the  Section 
new  concepts,  research  objectives,  and 
personalities.  Understandably,  their  re- 
ports tend  to  be  brief,  as  projects  initiated 
in  the  fall  are  barely  under  way  as  this 
report  is  written.  One  such  report  con- 
cerns the  DNAs  of  the  beans  Vicia  faba 
and  Vicia  sativa.  These  beans  have  the 
same  chromosomal  number  but  differ  in 
their  DNA  content  by  a  factor  of  five. 

DNA  contents  are  known  to  vary;  in 
general,  the  more  advanced  the  organism 
in  terms  of  evolution,  the  greater  the 
DNA  content.  In  a  given  genus,  however, 
(except  among  mammals)  widespread 
variations  are  also  observed.  It  has  been 
postulated  that  such  variations  reflect 
multistranded  chromosomal  structures 
and  that  bundles  of  similar  nucleotide 
strands  are  present  in  one  species  and  not 
in  another. 

A  comparative  study  of  the  renatura- 
tion  kinetics  of  these  two  bean  DNAs  is 
currently  under  way  to  test  this  concept, 
and  the  DNA  of  Vi^ia  faba  has  already 
been  characterized. 

Other  studies  concern  the  origin  and 
formation  of  the  repeated  sequences  found 
in  satellite  DNAs.  Bonner  (a  first-year 
Fellow)  and  Britten  carefully  examined 
data  obtained  by  Southern,  who  had  con- 
cluded that  the  guinea  pig  satellite  was 
formed  by  the  multiplication  of  a  "basic 
repeating  length"  six  nucleotides  long. 
Within  the  experimental  conditions  and 
the  assumptions  used,  the  conclusion  was 
reached  that  Southern's  data  do  not  di- 
rectly imply  a  short  repeating  sequence. 
If  the  formation  of  satellite  DNA  did  re- 
sult from  a  series  of  duplications  and 
change  of  a  basic  sequence  of  six  nucleo- 
tides, so  many  changes  have  subsequently 
occurred  in  the  evolution  of  the  present 
sequences  that  they  are  not  detectable 
within  the  limitations  of  the  present  data. 

Similarly,  experimental  studies  of  the 
mouse  DNA  satellite  were  carried  out  to 


test  whether  it  was  possible  to  detect  an 
inner  repeat  sequence  of  10-12  nucleo- 
tides in  length.  No  indication  of  the  exist- 
ence of  such  short  inner  repeat  sequences 
was  obtained.  Again  the  possibility  that 
marked  evolutionary  changes  have  oc- 
curred, thus  making  such  a  repeat  se- 
quence unrecognizable  today,  cannot  be 
excluded. 

Measurements  of  the  kinetics  of  reasso- 
ciation  and  the  thermal  stabilities  of  the 
reaction  products  formed  have  provided 
the  necessary  tools,  enabling  some  insight 
into  the  processes  of  evolution  and  genetic 
interrelationships,  and  enabling  the  iden- 
tification of  the  various  components  of 
the  DNA  of  the  cell.  As  the  data  accum- 
ulate and  the  importance  of  the  conclu- 
sions increases,  simple  theoretical  con- 
siderations, initially  sufficient,  must  be 
re-examined,  permitting  the  recognition 
and  inclusion  of  lesser  experimental  and 
theoretical  factors.  For  example,  measure- 
ments of  the  kinetics  of  reassociation  have 
provided  the  essential  evidence  for  nucleo- 
tide repetition.  Intuitively,  some  reduc- 
tion in  the  reassociation  rate  might  be 
expected  due  to  mismatching  between  re- 
acting nucleotide  strands.  Should  the 
effect  be  large,  interpretations  based 
solely  upon  simple  or  more  general  con- 
siderations would  have  to  be  modified  to 
fit  the  new  data.  A  measurement  of  the 
magnitude  of  the  effect  of  mismatching 
between  complementary  strands  has  been 
carried  out  by  Britten  and  Bonner.  They 
found  that  the  rate  of  hybrid  formation 
between  the  DNAs  of  E.  coli  and  Salmo- 
nella is  reduced  compared  to  that  ob- 
tained with  completely  homologous 
DNAs.  This  difference  is  significant 
enough  to  be  of  importance  when  experi- 
ments are  designed  to  measure  nucleotide 
repetition  or  interspecies  relationships, 
using  small  tracer  quantities  of  one  DNA 
to  interact  with  a  large  excess  of  another. 

Preliminary  studies  seeking  evidence  of 
gene  amplification  in  adult  and  fetal  tis- 
sues of  the  cow  were  carried  out  by  Byers 
and  Kohne.  The  concept  of  gene  ampli- 
fication implies  that  one  cell  type  may 
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contain  more  copies  of  a  single  gene  (or  were    close    genetic    similarities    among 

genes)   than  another.    No  indication  of  these  organisms. 

large-scale  gene  amplification,  however,  It  was  concluded  that  each  of  the  three 

was  detected  among  the  tissues  studied.  T-even  phages  is  an   admixture   of   all 

The  above   studies  were   carried   out  three  genomes.    Other  results  indicated 

using  isolated  DNA  sequences  which  have  that  the  T4  and  T6  genomes  were  larger 

been  expressed  as  RNA.  These  expressed  than  the  T2  DNA  by  about  11%  and  9%, 

DNA  sequences  were  also  used  to  meas-  respectively  (Cowie,  Avery,  and  Champe, 

ure  the  rate  of  their  divergence  compared  1971  ).34   A  major  portion  of  the  T4  and 

to  the  divergence  observed  with  total  non-  T6  DNAs  (over  8%)  consists  of  T2-like 

repeated  DNA.  No  significant  differences  material.     The     heterologous     duplexes 

were  obtained.  which  T4  and  T6  can  form  with  T2  DNA 

Continuing  more  than  thirty  years  of  showed  only  slight  differences  in  thermal 

productive  collaboration,  Roberts  and  the  stability  as  compared  to  homologous  con- 

Flexners  (L.  B.  and  J.  B.)  extended  their  trols. 

current  experimental  interests  by  testing,  The  T4-T2  reaction  shows  the  greater 

in  mice,  the  behavioral  influences  of  drugs  difference.    The  thermal  stability  of  the 

affecting  the  noradrenergic  system.  Their  reaction  products  resulting  from  the  in- 

results  support  the  concept  that  condi-  teraction  of  these  heterologous  DNAs  is 

tions  which  enhance  the  supply  of  nor-  2.5  °C  less  than  that  obtained  with  homol- 

epinephrine     enhance     learning;     those  ogous  DNAs.    This  difference  is  indica- 

which  reduce  the  norepinephrine  supply  tive  of  about  a  4%  mismatching  of  base 

interfere.   For  example,  memory  blocked  pairs.   T6  is  even  more  closely  related  to 

by    puromycin    injections,    believed    to  T2;  a  1.5°  C  lowering  of  the  thermal  sta- 

block  norepinephrine  receptor  sites,  is  re-  bility  is   obtained   for  the  heterologous 

stored  by  exposure  to  cold,  a  condition  duplexes  formed  with  T6  and  T2  DNAs. 

known  to  increase  the  flow  of  norepine-  These  reduced  thermal  stabilities  have 

phrine.  been  considered  to  serve  as  a  measure  of 

In     addition     to     such     experimental  the  relative  evolutionary  history  of  the 

studies,  computer  simulations  of  simple  genomes  compared  (Laird,  McConaughy, 

neural  nets  were  made,  restricted  to  those  and  McCarthy,  1969;  35  Kohne,  1970  36). 

that  could  arise  with  a  minimal  number  Thus,  in  evolving  from  a  common  ances- 

of    evolutionary    "inventions."     Results  tor,  T2  and  T6  have  diverged  from  each 

indicated    that    models    involving    only  other  at  a  later  date,  or  more  slowly,  than 

three  "inventions"  were  adequate  for  the  from  T4.    This  divergence,  representing 

development  of  systems  having  quite  ad-  small  differences  in  base  compositions,  is 

vanced  characteristics.  probably  due  to  a  continuous  series  of 

single  base  changes  during  their  evolu- 

Virus  and  Evolution  *  tionary  history. 

Dean  B.  Cowie  and  Roger  J.  Avery  An  unexpected  result  of  these  DNA- 

DNA  hybridization  studies  was  that  a 

Some  processes  involved  in  evolution  surprisingly  high  proportion  of  the  DNA 

may  be  deduced  from  measurement  of  of  each  of  these  related  phages  would  not 

genetic  similarities  and  differences  among  form  heterologous  complexes  with  another, 

closely  related  bacteriophages.  Last  year  Almost  20%  of  the  T4  DNA  and  14%  of 

(Year  Book  69,  pp.  528-536) ,  DNA-DNA  the  T6  DNA  show  no  tendency  at  all  to 

hybridization   studies   involving  the   T-  form  base  pairs  with  T2  DNA. 

even  phages  T2,  T4,  and  T6  gave  results  This   report  deals   almost  exclusively 

which  indicated  that,  as  expected,  there  with  these  nonreacting  DNA  segments. 

*This  work  was  carried  out  in  collaboration  Furthermore,  to   explain  the   large-scale 

with  Dr.  Sewell  Champe  of  Rutgers  University,  differences    observed    among    the    viral 
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genomes,  evolutionary  events  other  than 
a  series  of  base  changes  must  be  postu- 
lated. 

Characterization  of  the  T4  and  T6 
DNA  fractions  unable  to  react  with  T2 
DNA.  Further  hybridization  studies  were 
carried  out  on  these  nonreactive  DNA 
fractions  to  investigate  the  T4  and  T6 
DNAs. 

Aliquots  of  the  T4  fraction  unable  to 
react  with  T2  DNA  were  tested  for  inter- 
action with  T4,  T2,  and  T6  DNAs.  Fig- 
ure 21  shows  the  thermal  elution  profile 
obtained  after  this  fraction  was  reacted 
with  whole  T4  DNA  under  conditions 
where  it  cannot  self-react.  Eighty-four 
percent  became  double-stranded  and  had 
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Fig.  21.  Thermal  elution  profiles  of  the  reac- 
tion products  resulting  from  the  reincubation 
with  whole  T4  DNA  of  the  fraction  of  T4  DNA 
unable  to  react  with  T2  DNA.  Open  circles: 
radioactivity  eluted ;  closed  circles :  elution  pro- 
file obtained  optically  at  260  m/u, ;  crosses :  linear 
temperature  gradient. 


a  Tm  only  1.5  °C  below  that  observed 
when  whole  T4  DNA  is  reassociated.  This 
lowering  might  be  due  to  a  lower  guanine 
plus  cytosine  (G  +  C)  content  of  this 
fraction  compared  to  total  T4  DNA. 
These  results  demonstrate  that  the  T4 
fraction  is  still  capable  of  reacting  to 
form  duplexes.  Reincubation  of  the  T4 
fraction  with  T2  DNA  results,  as  ex- 
pected, in  no  significant  duplex  formation. 

Tests  for  homology  with  T6  DNA,  how- 
ever, showed  that  about  44%  of  this  non- 
T2-like  T4  fraction  (8.6%  of  the  total  T4 
genome)  does  react  with  T6  DNA.  The 
thermal  elution  profile  obtained  for  the 
products  of  this  reaction  (Fig.  22)  showed 
that  the  thermal  stability  of  these  heter- 
ologous duplexes  was  quite  high,  only 
2.0 °C  lower  than  that  obtained  when  this 
fraction  was  reacted  with  total  T4  DNA. 
Considering  the  close  similarity  of  the 
G  +  C  content  of  these  three-phage 
DNAs,  this  lowered  thermal  stability 
probably  represents  mismatched  base 
pairs  in  the  heterologous  associated  prod- 
ucts. It  is  evident  that  the  portion  of  the 
T4  DNA  unable  to  react  with  T2  DNA 
contains  genetic  material  quite  similar  to 
some  T6  DNA. 

The  remaining  portion  of  this  T4  DNA 
fraction  (56%)  corresponds  to  11%  of 
the  T4  genome.  Since  this  portion  reacts 
with  neither  T2  nor  T6  DNAs,  it  must 
contain  nucleotide  sequences  specific  to 
the  T4  molecule.  Reciprocal  experiments 
(results  obtained  by  reacting  labeled  T2 
DNA  with  excess  T4  DNA  compared  with 
results  obtained  by  reacting  labeled  T4 
DNA  with  excess  T2  DNA,  etc.)  have 
been  described  (Year  Book  69,  p.  534) 
which  gave  unequal  values  of  percent 
homology;  thus  different  molecular 
weights  were  postulated  for  each  of  the 
T-even  phage  DNAs.  Relative  to  the 
molecular  weight  of  T2  DNA,  the  molec- 
ular weights  of  T6  and  T4  were  estimated 
to  be  larger  by  9%  and  11%,  respectively. 
The  experimental  determination  of  the 
quantity  of  T4-specific  DNA  (11%)  is  in 
agreement  with  that  postulated  for  the 
extra  length  of  the  T4  molecule. 
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Fig.  22.  Thermal  elution  profile  of  the  reaction  products  resulting  from  the  reincubation  with 
T6  DNA  of  the  fraction  of  T4  DNA  unable  to  react  with  T2  DNA.  Open  circles:  radioactivity 
eluted ;  closed  circles :  elution  profile  obtained  optically  at  260  m^i ;  crosses :  linear  temperature 
gradient. 

TABLE  7.  Analytical  Reactions  Involving  Fractions  of  the  T-even  Phage  Genomes 


Subsequent  DNA  Reactions  with 
T2DNA  T4DNA  T6DNA 


Radioactive  No  Reaction 

Percent 

% 

% 

% 

DNA  Used 

with 

Nonreactive 

Reactive 

ATm 

Reactive 

ATro 

Reactive 

*Tm* 

T4 

T2 

19.6 

84 

1.5 

44 

3.5 

T4 

T6 

18.6 

50 

4.5 

91 

0.5 

• . . 

... 

T6 

T4 

16.6 

48 

6.0 

85 

5.5 

T6 

T2 

14.3 

44 

5.5 

89 

3.5 

*  The  ATm  was  observed  when  the  fraction  was  reacted  with  both  the  total  DNA  of  the  same 
phage  and  that  of  a  different  phage.  The  shift  in  Tm  when  reacting  a  second  time  was  considered 
to  be  a  measure  of  the  reduction  in  stability  due  to  composition  or  degradation.  The  additional 
reduction  when  reacting  with  a  different  DNA  was  taken  to  be  due  to  mismatching  of  the  DNAs 
arising  from  accumulated  mutations. 
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A  series  of  hybridization  experiments 
and  analytical  studies  identical  to  those 
described  above  for  nonreactive  T4  were 
carried  out  to  investigate  further  the 
molecular  composition  of  each  of  the 
other  nonreactive  fractions.  Table  7  sum- 
marizes the  results  obtained.  From  these 
results,  and  the  information  previously 
acquired,  it  is  possible  to  deduce  the  viral 
composition  of  the  T4  and  T6  genomes  in 
terms  of  the  T2  DNA.  The  diagram 
shown  below  presents  schematically  this 
comparative  evaluation  of  the  viral  con- 
tents of  the  DNAs  of  each  of  the  three 
T-even  phages  investigated. 


Comparative    Evaluation    of    Viral    Contents 
of  T-even  Phages* 


X.  =11 


T2  =  100 


Sum 

of 

Ex- 

Phage 

Specific  Com- 

pected 

DNA 

2,4,6 

2,4 

2,6 

4,6 

DNA   ponents 

Sum 

T4 

83 

9.3 

7.5 

10.2         110 

111 

T6 

83 

8.0 

7.5 

8.3         107 

109 

T2 

83 

9.3 

8.0 

1            101 

100 

*  Data  from  Table  7. 

For  the  most  part  the  T4  and  T6  phage 
DNAs  have  been  found  to  be  closely  re- 
lated to  the  T2  genome.  More  than  90% 
of  the  T2  DNA  is  homologous  to  T4  or  to 
T6  DNA.  Mismatching  of  base  pairs  in 
T2/T4  or  T2/T6  heteroduplexes  does  not 
exceed  5%  and  such  divergence  probably 
occurred  during  evolution  as  a  conse- 
quence of  a  series  of  single  base  changes. 
Both  the  T4  and  T6  genomes,  however, 


contain  additional  nucleotide  sequences 
which  show  no  homology  at  all  to  the  T2 
DNA.  Each  contains  regions,  probably 
clustered,  which  are  species-specific. 
These  regions  are  fairly  large,  represent- 
ing about  8%  of  the  T6  and  10%  of  the 
T4  genomes.  Furthermore,  the  T4  genome 
contains  a  T6-like  region  (or  regions)  not 
found  in  T2  DNA  and,  conversely,  the  T6 
carries  a  T4-like  component  not  in  the 
T2  molecule. 

These  species-specific  nucleotide  se- 
quences represent  additional  potential 
genetic  information  in  the  T4  and  T6 
genomes.  T2,  the  smallest  of  the  T-even 
phage  DNAs,  contains  all  the  essential 
genetic  material  required  for  survival  and 
perhaps  more.  Those  portions  of  non-T2- 
like  DNA  represent  nonessential  capa- 
cities in  the  larger  phage  DNAs.  It  can- 
not be  determined  from  these  results 
whether  the  extra  components  in  the  T4 
and  T6  DNAs  are  the  result  of  additions 
to  their  genomes  or  whether  T2  lost  cer- 
tain nonessential  T4-  and  T6-like  DNA 
segments  through  deletions.  The  T-even 
phages,  unlike  the  T3  and  T7  coliphages, 
do  not  exclude  one  another  upon  simul- 
taneous infection  and  are  capable  of 
recombination. 

The  detection  of  large-scale  nonhomol- 
ogous regions  among  other  genetically 
related  bacteriophages  capable  of  recom- 
bination has  been  reported  by  Simon, 
Davis,  and  Davidson  (1971).37  These 
authors  studied  sequence  homology  among 
the  lamboid  coliphage  DNA  by  electron 
microscopy.  Their  results  clearly  demon- 
strated that  regions  of  complete  (as  far 
as  could  be  detected  by  this  method) 
homology  and  nonhomology  existed,  the 
sizes  of  the  nonhomologous  regions  often 
being  large  and  distributed  in  the  genome. 
There  are  often  substantial  differences  in 
the  total  nucleotide  content  between  the 
two  nonhomologous  strands.  These  re- 
gions of  nonhomology  generally  coded  for 
less  essential  genes  or  genes  in  which  mu- 
tations are  not  lethal.  A  final  result,  re- 
ported by  these  authors,  important  here, 
is  that  the  boundaries  separating  homol- 
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ogous  and  nonhomologous  regions  were  computer,  using  100  cells,  each  connected 

sharp.  In  part,  the  results  reported  above  to  every  other,  but  with  the  strength  of 

comparing  the  T4  and  T6  genomes  to  the  the  interconnections  varied  at  random, 

T2  DNA  indicate  that  similar  situations  corresponding    to    synapses    at    various 

probably  exist  among  the  T-even  phage  points  of  the  receiving  cells.  Such  a  net- 

DNAs.  work  is  completely  unstable;   incoming 

The  lamboid  coliphages  are,  however,  signals  either  die  away  rapidly  or  cause 

capable  of  lysogenization  with  their  E.  continued   firing   throughout   the   whole 

coli  host  cells,  and  host  cell  DNA  may  be  net.   Even  so,  such  a  net  will  confer  the 

acquired  by  a  phage  genome.  The  T-even  important  property  of  a  prolonged  re- 

phages  are  virulent  to  E.  coli  host  cells  sponse   to   a   transient   stimulation,    for 

but  the  possibility  that  these  phages  were,  example,  the  closing  of  a  clam's  shell, 

and  are,  lysogenic  to  other  host  cells  can-  Furthermore,  this  primitive  net  pro- 

not  be  excluded.  vides  the   situation  needed  to   make   a 

second  invention  useful :  the  neuron  which 

Learning  and  Memory  releases  inhibitory  compounds  in  response 

to  stimuli.  Since  such  neurons  intermixed 
with  the  excitatory  cells  are  of  a  different 

Research  on  the  biochemical  basis  of  class,  they  can  be  expected  to  release 

learning  and  memory  has  proceeded  along  compounds   of   lifetimes    different   from 

three  lines:  computer  simulations  of  sim-  those  of  the  excitatory  cells  and  can  be 

pie  neural  nets;  tests  of  the  behavioral  expected  to  make  different  patterns  of 

effects  of  drugs  which  influence  the  nor-  connection.   These  further  properties  are 

adrenergic  system;  and  continued  collab-  a11  that  is  required  to  allow  the  forma- 

oration  with  Drs.  L.  B.  Flexner  and  J.  B.  tion  of  nets  that  will  allow  local  patches 

Flexner  of  the  University  of  Pennsyl-  of   activity   to   persist    and   to   migrate 

vania.  through  the  nets.  They  also  oscillate  and 

show  habituation.    They  can  provide  a 

Computer  Simulations  multiplicity  of  different  outputs  for  a 

variety  of  different  inputs.    Thus,  they 

The  computer  simulations  were  re-  can  integrate  the  input  signals  and  select 
stricted  to  nets  which  could  arise  by  a  complicated  and  prolonged  pattern  of 
means  of  a  minimum  of  evolutionary  "in-  response.  Survival  will  occur  if  the  re- 
ventions."  Properties  were  observed  and  sponse  patterns  are  suitable, 
the  nets  considered  useful  if  these  prop-  The  third  invention  needed  is  the  abil- 
erties  conferred  survival  advantages  and  ity  of  two  cells  to  form  a  more  effective 
could  serve  as  a  basis  for  further  evolu-  contact  if  they  fire  simultaneously.  This 
tion.  Three  major  "inventions"  with  their  property  allows  the  recording  of  correla- 
logical  corollaries  seem  sufficient  for  the  tions  between  incoming  signals  and  is 
development  of  nervous  systems  having  sufficient  to  provide  recognition  of  re- 
quite advanced  properties.  peated   patterns.     To    demonstrate   this 

The  first  invention  needed  is  of  course  property  two  interconnected  networks  of 

the  neuron  itself,  a  cell  that  will  respond  52  cells  were  simulated  on  the  computer, 

to    incoming    stimuli    above    a    certain  Each  cell  responded  to  the  presence  of 

threshold   by   firing   and   releasing  out-  one  of  the  52  cards  in  a  deck.    Random 

going  stimuli.   An  early  organism  which  bridge  hands  were  then  dealt  and  one  of 

has  developed  such  a  cell  would  then  be  the  nets  was  instructed  to  increase  the 

expected  to  elaborate  a  considerable  num-  strength  of  connections  between  the  cells 

ber  of  such  cells  in  close  proximity  and  firing  whenever  the  bridge  hand  had  14 

connected  at  random  to  form  a  network,  or  more  points.   The  other  responded  to 

This  situation  has  been  simulated  on  the  low-point  hands.    After  exposure  to  600 
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hands  the  memory  was  fixed  and  both 
nets  were  exposed  to  additional  hands.  In 
92  percent  of  the  cases  the  response  was 
appropriate ;  the  low  net  gave  the  greater 
response  to  hands  below  14  points. 

In  this  simulation  the  input  signals  are 
applied  to  both  nets  but  only  the  con- 
nections of  one  net  are  strengthened.  This 
implies  the  necessity  of  a  system  that  can 
recognize  the  outcome  of  actions  and 
strengthen  only  the  connections  that  led 
to  a  successful  outcome. 

Biochemical  Experiments 

It  seems  possible  that  in  the  brain  nor- 
epinephrine is  released  as  a  result  of  a 
reward  (or  relief  from  pain)  and  this 
compound  then  lowers  the  thresholds  of 
the  neurones.  As  a  result  the  last  net- 
works to  be  active  would  continue  to  re- 
verberate and  would  thereby  strengthen 
their  connections.  Our  experimental  pro- 
gram is  for  the  most  part  designed  to  test 
this  concept.  Compounds  which  enhance 
the  supply  of  norepinephrine  should  be 
expected  to  facilitate  learning  and  mem- 
ory formation,  but  compounds  reducing 
the  supply  of  norepinephrine  should  inter- 
fere. Results  obtained  during  the  year 
are  in  accord  with  this  concept  but  not 
conclusive  and  further  work  is  needed. 

Collaboration 

Experiments  completed  during  the  year 
at  the  University  of  Pennsylvania  give 
some  further  support  to  these  ideas.  As 
reported  last  year,  there  is  some  reason 
to  believe  that  when  memory  is  blocked 
by  intracerebral  injections  of  puromycin, 
the  drug  acts  by  blocking  norepinephrine 
receptor  sites.  As  exposure  to  cold  is 
known  to  increase  the  flow  of  norepine- 
phrine, this  treatment  was  given  to  mice 
whose  memory  had  been  blocked  by  puro- 
mycin. As  expected,  memory  was  re- 
stored in  a  large  majority  of  the  mice 
exposed  to  cold. 

At  present  a  number  of  factors  seem 
involved  in  memory  formation.  These 
include  the  cholinergic  system,  the  adre- 


nergic system  and  possibly  protein  syn- 
thesis. Protein  synthesis  in  turn  is  prob- 
ably activated  by  cyclic  adenosine  mono- 
phosphate. In  such  circumstances  many 
compounds  should  (and  do)  have  observ- 
able effects  but  such  complexity  will 
make  the  final  clarification  of  the  path- 
ways extremely  difficult. 

Differences  in  the  DNA  of  Closely 
Related  Rodents 

Nancy  Rice 

Previous  studies  {Year  Book  69,  p. 
472)  have  shown  (a)  that  repeated  se- 
quences common  to  the  DNA  of  two 
different  rodents  are  those  which  reasso- 
ciate  to  give  products  of  low  to  inter- 
mediate thermal  stability;  and  (b)  that  a 
substantial  fraction  of  the  repeated  se- 
quences of  rodent  DNAs  is  capable  of 
reassociating,  with  high  thermal  stability, 
with  homologous  but  not  heterologous 
DNA.  Mus  musculus  and  Rattus  norve- 
gicus  were  the  most  closely  related  DNA 
donors  in  those  studies.  The  present  re- 
port deals  with  DNAs  still  more  closely 
related,  all  from  various  species  of  the 
genus  Mus. 

Mus  musculus  molossinus  is  a  Japa- 
nese subspecies  capable  of  interbreeding 
with  Mus  7nusculus  musculus,  but  differ- 
ing from  the  latter  in  size,  coloration,  and 
apparently  in  some  chromosomal  arrange- 
ments (Roderick,  1971). 38  Any  differ- 
ences in  their  DNAs,  however,  are  quite 
small.  Their  single-copy  DNA  appears 
to  differ  in  nucleotide  sequence  by  <1%, 
for  single-copy  3H-C3H  DNA  reassoci- 
ates  as  stably  with  M.  m.  molossinus 
DNA  as  it  does  with  C3H  DNA.  Thermal 
stability  of  the  heterologous  and  homol- 
ogous reassociated  repeated  sequences  is 
also  very  similar. 

Both  the  single-copy  and  repeated 
DNAs  from  other  species  of  Mus  are 
clearly  distinguishable  from  those  of  Mus 
musculus.  3H-C3H  single-copy  DNA  will 
reassociate  with  DNA  from  either  Mus 
caroli  or  Mus  cervicolor  (both  native  to 
southeast  Asia) ,  but  with  a  thermal  sta- 
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Fig.  23.  Reassociation  of  single-copy  Mus 
musculus  DNA  with  Mus  caroli  DNA.  3H-C3H 
DNA  was  incubated  to  Cot  =  88  and  the  non- 
reassociated  fraction  was  isolated.  This  pre- 
dominantly single-copy  material  was  incubated 
with  ' — 500  ixg  unfractionated  Mus  caroli  DNA 
and  —1  fig  "C-E.  coli  DNA  at  65°C  in  1.1  M 
phosphate  buffer,  0.003  M  EDTA  for  90  hours. 
The  sample  was  diluted  to  0.14  M  PB,  applied 
to  hydroxyapatite  at  50  °C,  and  eluted  during  a 
linear  temperature  gradient.  Fractions  were 
assayed  for  optical  density,  3H,  and  14C.  About 
10.5  °C  separates  the  midpoints  of  3H  and  "C 
elution.  In  a  similar  experiment,  3H-C3H 
single-copy  DNA  was  incubated  with  excess 
C3H  DNA  and  UC-E.  coli  DNA.  In  this  case, 
5.5  °C  separated  the  midpoints  of  3H  and  14C 
elution. 


bility  about  5°C  lower  than  with  homol- 
ogous C3H  DNA  (Fig.  23).  Under  the 
same  conditions,  the  duplex  formed  be- 
tween single-copy  3H-C3H  and  rat 
DNAs  dissociates  at  temperatures  at 
least  15  °C  lower  than  does  the  homol- 
ogous C3H  DNA.  Since  the  lines  leading 
to  mouse  and  rat  are  thought  to  have 
diverged  about  10  million  years  ago,  it 
can  be  estimated  that  these  Mus  species 
may  have  been  separated  for  a  few  mil- 
lion years. 


As  in  Mus  musculus  DNA,  a  substan- 
tial fraction  of  the  DNAs  of  both  Mus 
caroli  and  Mus  cervicolor  consists  of  re- 
peated sequences  (>40%  at  50  °C  in 
0.14M  phosphate  buffer),  many  of  which 
reassociate  to  high  thermal  stability.  But 
the  Mus  caroli  high  thermal  stability  ma- 
terial appears  to  differ  from  that  of  Mus 
musculus:  there  are  no  heterologous  du- 
plexes as  stable  as  the  most  stable  homo- 
logous duplexes.  There  seems  to  be  ap- 
preciably less  14C-Mus  caroli  DNA  than 
sH-Mus  musculus  DNA,  for  example, 
capable  of  reacting  with  high  stability 
with  Mus  musculus  DNA  (Fig.  24) .  One 
can  estimate,  in  fact,  that  at  least  10%  of 
the  total  DNA  of  each  species  may  con- 
sist of  repeated  elements  either  not  pres- 
ent or  present  in  quite  different  form  in 
one  than  in  the  other.  Furthermore,  com- 
parison of  Mus  musculus  and  Mus  cer- 
vicolor repeated  DNAs  yields  essentially 
the  same  results.  Thus,  the  conclusions 
reached  from  studies  of  the  DNA  of  more 
distantly  related  rodents  appear  to  be 
valid  among  the  closer  relatives  as  well. 

It  is  of  some  interest  to  compare  the 
rather  rapid  rate  of  evolutionary  change 
of  rodent  DNA  with  that  observed  in 
other  lines,  and  the  primates  provide  an 
especially  striking  contrast.  Lines  lead- 
ing to  man  and  gibbon  are  thought  to 
have  diverged  about  30  million  years  ago, 
yet  their  single-copy  DNA  appears  to 
differ  in  nucleotide  sequence  by  only  a 
few  percent;  Kohne  et  al.SQ  have  reported 
that  the  difference  in  thermal  stability  of 
homologous  and  heterologous  duplexes  is 
about  4°C.  The  repeated  sequences  of 
human  and  gibbon  DNAs  are  also  very 
similar.  The  heterologous  14C-HeLa- 
gibbon  duplex  is  as  stable  as  the  gibbon- 
gibbon  duplex  over  virtually  the  entire 
range  of  thermal  stability.  Any  repeated 
elements  found  in  gibbon  DNA  but  not  in 
human  DNA  must  thus  constitute  less 
than  about  5%  of  total  gibbon  DNA.  Re- 
peated sequences  have  changed  in  pri- 
mate evolution,  for  those  of  the  more  dis- 
tantly related  man  and  rhesus  monkey 
are  demonstrably  different.  The  similarity 
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Fig.  24.  Reassociation  of  the  repeated  sequences  of  Mus  musculus  and  Mus  caroli  DNAs.  (A) 
A  mixture  of  3H  L-cell  DNA  and  nonradioactive  Mus  caroli  DNA  was  heated  to  100 °C,  then  incu- 
bated at  50 °C  for  22  hours  in  0.14  M  PB.  Reassociated  material  was  bound  to  hydroxyapatite  and 
eluted  in  4°C  steps.  Fractions  were  assayed  for  optical  density  and  radioactivity.  Self-reaction  of 
the  tracer  was  measured  on  a  second  sample  prepared  and  treated  as  above,  but  omitting  the 
Mus  caroli  DNA.  Cot  Mus  caroli  =  35.  Percent  reassociated  =  44%.  Cot  3H-Mws  musculus  = 
4  X  10"4.  Percent  reassociated  =  47%.  (B)  3H-Mus  caroli  DNA  and  excess  uC-Mus  musculus 
(C3H)  DNA  were  denatured  and  incubated  at  50°C  for  23  hours.  Reassociated  material  was 
bound  to  hydroxyapatite  and  eluted  in 4°C  steps.  Cot  C3H  =  35.  Percent  reassociated  =  48.5%. 
Cot  3H.-Mus  caroli  =  10~3.  Percent  reassociated  =  42.1%. 
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observed  in  the  DNAs  of  man  and  gibbon, 
however,  shows  that  the  change  is  at 
least  ten  times  slower  (per  unit  time) 
than  observed  among  the  rodents. 

I  am  most  grateful  to  J.  T.  Marshall, 
who  collected  specimens  of  the  various 
Mus  species,  to  Dr.  Michael  Potter  of  the 
National  Institutes  of  Health,  who  kindly 
provided  these  specimens,  and  to  Dr. 
Hayden  Coon  of  the  National  Institutes 
of  Health,  who  furnished  a  Mus  caroli 
cell  culture. 

Is  There  a  Recognizable  Inner  Repeat 
in  Mouse  Satellite  DNA? 

R.  J.  Britten 

The  initial  sequence  work  on  the  mouse 
satellite    DNA    (Ed.    Southern,   unpub- 


lished) has  suggested  that  the  mouse 
satellite  might  have  been  formed  by  the 
multiplication  of  a  short  (10—12  nucleo- 
tide pairs)  sequence.  If  this  were  so,  and 
not  too  large  a  number  of  base  substitu- 
tions had  occurred  before  the  million 
copies  were  formed,  then  one  might  ob- 
serve the  rapid  reassociation  of  the  hypo- 
thetical short  repeated  sequences. 

One  approach  is  to  examine  the  reasso- 
ciation of  mouse  satellite  at  a  variety  of 
temperatures.  If  no  recognizable  internal 
order  were  present,  then  one  could  expect 
the  typical  sort  of  bell-shaped  curve  with 
an  optimum  rate  about  25  °C  below  the 
Tm  of  the  DNA  as  observed  for  simple 
nonrepeated  DNA. 

For  this  measurement,  mouse  DNA  was 
50K  sheared,  denatured,  and  incubated 
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Fig.  25.  Mouse  satellite  DNA:  Rate  of  reassociation  as  a  function  of  temperature.  Circles: 
measurements  by  optical  hyperchromicity  at  260  fi  in  .06  M  PB.  The  observed  rate  constant  was 
multiplied  by  a  factor  of  5.5  to  give  the  value  that  would  have  been  observed  in  .12  M  PB.  Tri- 
angles: measurements  by  hydroxyapatite  assay  after  incubation  in  .12  M  PB.  Column  fractiona- 
tions done  at  the  temperature  of  incubation  are  indicated  by  the  plus  sign  beside  each  point.  The 
points  were  shifted  7°  to  the  left  to  allow  for  the  difference  in  melting  temperature  between  .06 
M  and  .12  M  PB.  The  observed  rate  constants  for  the  hydroxyapatite  points  were  divided  by  a 
factor  of  two  in  order  to  make  the  hydroxyapatite  and  optical  hyperchromicity  measurements 
easily  comparable. 
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very  briefly  (C0t  =  5  X  10"3)  and  passed 
over  hydroxyapatite  (.12  M  PB,  60°C). 
To  improve  the  purity  of  the  satellite  a 
thermal  chromatogram  was  done  and  the 
fraction  eluting  between  80°  and  86  °C 
was  used.  Such  fractions  were  prepared 
in  both  labeled  and  unlabeled  form  and 
the  reassociation  kinetics  were  done  both 
by  hydroxyapatite  assay  and  in  the  Gil- 
ford spectrophotometer.  The  reaction  rate 
constant  was  determined  from  each  of 
the  runs,  using  a  least-squares  computer 
program.  (This  program  is  written  in 
Fortran  IV  for  the  IBM  1130  and  is 
available  for  distribution  from  the  De- 
partment of  Terrestrial  Magnetism,  Car- 
negie Institution  of  Washington.) 

The  measurements  presented  on  Fig.  25 
show  the  relationship  between  rate  of 
reassociation  and  temperature.  It  is  just 
that  expected  for  a  "simple"  DNA.  The 
temperature  for  maximum  rate  of  reas- 
sociation is  about  22  °C  below  the  melting 
temperature  of  the  reassociated  DNA. 
Therefore,  these  measurements  do  not 
reflect  the  existence  of  an  "inner"  short 
repetition  in  the  mouse  satellite  DNA. 
If  such  a  repetition  ^were  ever  present,  it 
must  have  been  so  badly  mutilated  by 
base  substitutions  that  it  is  no  longer 
capable  of  forming  reassociated  strand 
pairs  which  are  stable  even  as  low  as 
40  °C  below  the  melting  temperature  of 
the  principal  repeat  of  the  mouse  satel- 
lite DNA. 

The  Sequence  of  Guinea  Pig  Satellite 
and  Rates  of  Reassociation 

T .  Bonner  and  R.  Britten 

On  the  basis  of  a  partial  sequence  anal- 
ysis, Southern  40  recently  suggested  that 
a  satellite  component  of  guinea  pig  DNA 
has  a  "basic  repeating  length"  of  six 
nucleotides.  The  implication  that  this  re- 
sult was  in  conflict  with  the  repetition 
length  obtained  from  reassociation 
kinetics  has  led  us  to  carefully  examine 
the  conclusions  which  can  be  drawn  from 
the  data. 


The  component  which  Southern  has 
studied  has  the  property  that  the  comple- 
mentary strands  can  be  separated  in  an 
alkaline  CsCl  gradient.  By  depurinating 
the  two  separated  complementary  strands 
and  sequencing  the  resulting  pyrimidine 
tracts,  he  finds  that  17%  of  the  lighter 
(L)  strand  is  in  the  form  CCCT  and  that 
19%  of  the  heavier  strand  is  in  the  form 
TT.  Thus,  on  the  average  the  L  strand 
contains  in  every  23  bases  one  "CCT"  and 
two  "AAs,"  adding  up  to  more  than  a 
third  of  its  length.  Observing  that  many 
of  the  other  tracts  could  have  been  de- 
rived from  these  by  a  small  number  of 
mutations,  Southern  proposed  that  this 


TABLE  8A.    Pyrimidine  Tracts  on  the  Light 

Strand  of  Guinea  Pig  Satellite,  as  Reported 

in  Ref.  40. 


Number  of 

L  Strand 

Southern's 

Tracts 

Pyrimidine 

Repeat 

Included  in 

Tracts 

Length 

Analysis 

C 

29 

12 

cc 

79 

4 

ccc 

333 

1 

cccc 

1667 

0 

T 

28 

13 

CT 

34 

10 

CCT 

45 

7 

CCCT 

23 

14 

CCCCT* 

461 

1 

TT 

214 

2 

CTT 

167** 

1 

TCT 

1 

CCTT 

77** 

1 

TCCT 

1 

CTCT 

1 

CCTCT 

167** 

1 

TCCCT 

0 

CTCCT 

1 

T2C4 

1400 

0 

TTT 

2000 

0 

T3C1 

1125 

0 

T3C2 

600 

0 

T3C3 

2333 

0 

*  The  sequence  of  this  tract  was  arbitrarily 
chosen  from  among  the  possible  sequence 
isomers  because  it  was  not  sequenced. 

**  This  repeat  length  refers  to  this  tract  and 
the  following  sequence  isomer(s)  which  the 
sequencing  shows  are  present  in  unspecified  rela- 
tive abundances. 
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component  of  the  guinea  pig  DNA  origi- 
nated from  a  series  of  duplications  of  an 
original  short  sequence  CCCTAA  and 
that  occasional  "mutations"  or  base  sub- 
stitutions have  occurred  during  this  proc- 
ess and  in  the  subsequent  evolution  of  the 
component. 

In  order  to  study  the  implications  of 
the  distribution  of  observed  tracts,  we 
have  chosen  the  set  of  tracts  shown  in 
Table  8.  This  set  of  tracts  duplicates  the 
observed  set  as  closely  as  is  possible  us- 
ing a  manageable  number  (300)  of  bases. 
The  first  test  which  we  performed  was 
undertaken  to  determine  whether  a  short 
repeat  length  is  directly  implied  by  the 
set  of  tracts.  To  do  this  we  used  a  com- 
puter to  generate  sequences  by  placing 
the  tracts  in  various  randomly  chosen 
orders.  The  degree  of  repetition  was  then 
determined  by  counting  the  number  of 
matching  bases  in  each  of  the  300  possible 
registrations   between   the   resulting   se- 

TABLE  8B.  Purine  Tracts  on  the  Light  Strand 
of  Guinea  Pig  Satellite,  as  Reported  in  Ref .  40 


Number  of 

L  Strand 

Southern's 

Tracts 

Purine 

Repeat 

Included  in 

Tracts 

Length* 

Analysis 

G 

55 

6 

A 

18 

19 

AG 

88+ 

2 

GA 

2 

AA 

11 

31 

AGA 

142+ 

1 

AAG 

1 

GAA 

1 

AAA 

44 

6 

AAAG 

333+ 

1 

AAGA 

0 

AGAA 

0 

GAAA 

0 

AAAA 

227 

1 

A4G1 

750 

0 

A5 

666 

0 

+  This  repeat  length  refers  to  this  tract  and 
the  following  sequence  isomer(s)  which  were 
not  differentiated  in  Southern's  data. 

x  Repeat  length  in  this  meaning  is  the  average 
distance  in  the  DNA  between  particular  se- 
quence isomers  or  members  of  the  groups  of 
isomers  shown. 


quence  and  an  identical  sequence.  When 
this  test  is  performed  on  an  exactly  re- 
peating sequence  of  length  N,  a  fraction 
1/N  of  the  registrations  will  have  100% 
matching  of  bases.  The  remaining  regis- 
trations will  have  a  considerably  lower 
percentage  of  base  matching.  If  one  then 
allows  as  many  as  25%  of  the  bases  to  be 
mutated,  there  must  still  be  a  fraction  of 
at  least  1/N  of  the  registrations  which 
have  50%  or  more  base  matching. 

Figure  26  displays  the  results  for  the 
randomly  distributed  tracts  and,  for  com- 
parison, the  results  for  sequences  gener- 
ated by  random  arrangement  of  single 
bases  with  the  same  overall  base  com- 
position as  the  set  of  tracts.  Neglecting 
the  one  trivial  registration  in  300  where 
the  sequence  is  in  exact  registration  with 
its  duplicate,  the  frequency  of  registra- 
tions with  greater  than  50%  matching  is 
essentially  zero.  Thus,  there  is  no  repeat 
length  shorter  than  150  and  with  less  than 
25%  base  mutation  implied  by  the  tracts. 
The  frequency  distribution  of  matching 
bases  is,  indeed,  strikingly  similar  to  that 
of  the  random  bases.  The  slightly  greater 
width  and  longer  tail  of  the  tract  distri- 
bution are  the  only  distinguishing  fea- 
tures resulting  from  the  slight  degree  of 
order  of  the  tracts.  The  test  for  repetition 
which  we  have  used  assumes  that  the 
repetition  is  maintained  over  a  length  of 
at  least  300  bases,  i.e.,  that  the  repetition 
is  not  interrupted  by  an  insertion  or  dele- 
tion which  would  destroy  the  phase  rela- 
tionship between  different  repeating  seg- 
ments. This  does  not  appear  to  be  an 
especially  stringent  condition  to  impose  on 
one's  definition  of  repetition.  Even  under 
considerably  less  stringent  conditions,  the 
qualitative  result  that  the  tracts  by  them- 
selves do  not  imply  more  than  a  minimal 
amount  of  repetitive  order  can  be  ex- 
pected to  hold. 

It  is  a  very  different  question,  however, 
as  to  whether  the  set  of  tracts  is  consist- 
ent with  a  high  degree  of  short-range 
order.  We  would  like  to  know  the  maxi- 
mum   possible    order    of   this    sort    and 
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PERCENT    OF    BASES    MATCHING 

Fig.  26.  Relative  frequency  of  occurrence  of  registrations  with  a  given  degree  of  base  matching. 
Pluses :  composites  of  55  different  300-nucleotide  sequences  formed  from  the  random  arrangement 
of  tracts  listed  in  Table  8.  Circles:  sequences  from  randomly  arranged  bases  with  the  same  overall 
base  composition  as  the  set  of  tracts.  Not  shown  in  the  figure  is  the  one  registration  in  300  which 
has  100%  matching. 


whether  such  a  degree  of  order  would  be 
recognized  in  the  reassociation  measure- 
ments that  have  been  made. 

To  determine  the  maximum  possible 
order  an  assumption  was  made  as  to  the 
basic  repeated  element,  and  then  a  mini- 
mum number  of  changes  were  made  in 
individual  repeats  to  achieve  a  sequence 
consistent  with  the  tract  data.  For  this 
purpose  we  utilized  Southern's  proposed 
basic  repeating  sequence  CCCTAA.  The 
best  sequence  we  obtained  has  19%  of 
bases  changed  and  is  very  near  the  abso- 
lute minimum  number  of  changes  allowed 


by  the  composition  of  the  set  of  tracts. 
The  expected  reassociation  behavior  of 
this  sequence  was  estimated  by  counting 
the  number  of  matching  bases  in  each  of 
the  possible  sequence  registrations.  The 
registrations  corresponding  to  the  under- 
lying six-base  order  have  an  average  of 
31%  nonmatching  bases.  Therefore,  a 
reassociation  test  which  reflected  the  orig- 
inal six-base  repeat  length  would  have  to 
be  done  under  conditions  in  which  strands 
with  about  a  third  of  their  bases  un- 
matched would  form  stable  base-paired 
structures.    To  our  knowledge  measure- 
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ments  under  such  conditions  have  not  yet 
been  made  for  this  component. 

Our  conclusion  is  that  the  data  do  not 
directly  imply  a  short  repeating  sequence 
such  as  the  six-base-long  one  proposed 
by  Southern.  The  tract  data  are  consist- 
ent with  a  sequence  which  has  resulted 
from  a  series  of  duplications  and  changes 
of  a  basic  six-long  sequence.  However, 
so  many  changes  must  have  been  made 
to  produce  the  present  sequence  that  the 
short  range  order  would  not  be  recognized 
in  available  measurements  of  the  reasso- 
ciation  kinetics  of  this  DNA. 

The  Effect  of  Sequence  Divergence  on 
the  Rate  of  Reassociation 

R.  Britten  and  T.  Bonner 

Much  of  the  evidence  on  the  degree  of 
DNA  sequence  repetition  depends  on 
measurements  of  reassociation  rates. 
Since  some  reduction  in  the  rate  can  be 
expected  due  to  base  mismatching  be- 
tween complementary  strands,  and  since 
such  an  effect,  if  large,  could  affect  the 
interpretation  of  the  measurements,  we 
have  made  a  direct  measurement  of  the 
effect. 

For  this  purpose  we  chose  to  measure 
the  rate  of  formation  of  hybrid  strand 
pairs  between  E.  coli  and  S.  typhimurium 
DNA.  These  two  bacterial  DNAs  show 
about  60%  homology  by  hydroxyapatite 
assay  at  50°C  in  .14  M  sodium  phosphate. 
However,  the  hybrid  strand  pairs  that  are 
formed  exhibit  a  wide  range  of  thermal 
stability  (Brenner  and  Cowie,  1968)  .41 
Brenner  (personal  communication)  has 
estimated  that  the  overall  rate  of  hybrid 
formation  is  about  twofold  slower  than 
the  reassociation  of  the  DNA  of  either 
species.  For  a  definitive  measurement  of 
the  effect,  it  appeared  better  to  work  with 
fractions  of  these  DNAs  that  contained  a 
fairly  narrow  range  of  degrees  of  sequence 
divergence.  To  this  end,  a  small  amount 
labeled  E.  coli  DNA  was  reacted  with  a 
great  excess  of  Salmonella  DNA  and  the 
product  fractionated  by  hydroxyapatite 


thermal  chromatography.  For  the  kinetic 
measurements,  two  fractions  were  used 
which  dissociated  between  70°  and  80°C 
in  one  case  and  between  55°  and  65  °C  in 
the  other.  Thus,  these  two  fractions  of 
labeled  E.  coli  DNA  had  degrees  of  se- 
quence divergence  from  Salmonella  DNA 
such  that  the  hybrid  strand  pairs  melted 
in  a  range  centered  15°  and  30 °C,  re- 
spectively, below  the  melting  temperature 
of  perfectly  matched  strand  pairs. 

For  the  kinetic  measurements,  these 
two  fractions  were  each  mixed  with  a 
great  excess  of  sheared  Salmonella  DNA, 
denatured,  and  incubated  at  50 °C  in  .14 
M  sodium  phosphate.  Samples  taken 
throughout  the  course  of  the  reaction 
were  passed  over  hydroxyapatite,  and  the 
binding  of  the  ultraviolet  absorbing  ma- 
terial (Salmonella  DNA)  and  the  radio- 
activity of  the  hybrids  were  measured. 

The  results,  displayed  in  Fig.  27, 
clearly  show  that  the  rate  of  hybrid  for- 
mation is  reduced  compared  to  the  rate 
of  reassociation  of  the  Salmonella  DNA. 

The  curve  drawn  through  the  Salmo- 
nella data  points  is  a  single  second-order 
kinetics  curve  fitted  to  the  data  by  a 
least-squares  program.  The  kinetics  of 
the  labeled  coli  fractions,  however,  are 
not  second  order.  When  the  reassociation 
kinetics  of  a  small  amount  of  labeled 
DNA  are  determined  in  the  presence  of  a 
large  excess  of  a  DNA  which  drives  the 
reaction,  the  apparent  rate  of  reaction 
of  the  labeled  species  increases  or  de- 
creases with  time  depending  on  whether 
the  driving  species  is  depleted  more 
slowly  or  more  rapidly  than  the  labeled 
species.  The  curves  for  the  coli  tracer 
reactions  are  therefore  given,  in  the  sim- 
plest approximation,  by  the  formula: 


C*  = 


Co- 


il +  k  Cot) 


R 


with  R  =  k*/k,  where  k  is  the  rate  con- 
stant for  Salmonella,  k*  the  rate  constant 
for  Salmonella-E .  coli  hybrids,  C*  the 
concentration  of  unreacted  coli  tracer, 
Co*    the    original    tracer    concentration, 
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Fig.  27.  The  rate  of  reassociation  of  imperfectly  complementary  DNA  strand  pairs.  The  lower 
curve  shows  the  reassociation  of  Salmonella  DNA  (the  major  component  in  the  reaction),  and  the 
upper  curves  show  the  formation  of  inter-species  hybrid  strand  pairs  between  the  Salmonella  DNA 
and  selected  fractions  of  labeled  E.  coli  DNA.  All  of  the  DNA  was  sheared  by  passing  it  through 
an  orifice  at  50,000  psi  pressure  drop;  the  incubations  were  at  50 °C  in  .14  M  phosphate  buffer, 
0.4%  SLS.  The  assay  for  reassociation  was  binding  to  hydroxyapatite  under  the  same  conditions. 
The  two  labeled  E.  coli  fractions  were  prepared  as  described  in  the  text,  by  hydroxyapatite  thermal 
chromatography  of  E.  coli/ Salmonella  hybrid  strand  pairs.  In  each  of  the  incubations  the  ratio  of 
Salmonella  to  E.  coli  DNA  was  greater  than  2000  to  1. 


and  C0  the  original  Salmonella  concentra- 
tion. The  values  of  R  which  best  fit  the 
data  are  .8  and  .4  for  the  — 15°  and  — 30° 
fractions,  respectively.  The  rate  constants 
of  these  two  fractions  are  thus  reduced  by 
factors  of  1.2  and  2.5.  These  reduction 
factors  are  modest,  but  can  be  expected  to 
become  much  larger  as  the  melting  tem- 
perature of  the  hybrids  approaches  the 
incubation  temperature,  at  which  point 
the  rate  becomes  zero.  While  these  reduc- 
tion factors  are  appropriate  for  experi- 
ments to  determine  degree  of  repetition, 
it  should  be  noted  that  the  increase  in 
half  reaction  time  for  the  ^30°  fraction 


compared  to  the  C0ti/2  of  the  driving  re- 
action is  5.7.  This  increase  is  consider- 
ably greater  than  the  rate  constant  de- 
crease and  is  an  important  factor  in 
experiments  which  measure  interspecies 
homologies  by  measuring  the  formation 
of  tracer-labeled  hybrids  in  the  presence 
of  a  vast  excess  of  unlabeled  DNA. 

Chromosome  Structure 

N.  Straus 

Experimental  work  on  the  beans  Vicia 
faba  and  Vicia  sativa  have  at  times  been 
used  to  support  multistranded  models  for 
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Fig.  28.    Renaturation  of  sheared  Vicia  faba  DNA  in  0.14  M  PB  as  measured  by  hydroxy- 
apatite  binding. 


the  arrangement  of  DNA  in  chromosome 
structure.  These  two  beans  have  the  same 
chromosome  number  but  differ  in  amount 
of  DNA  per  nucleus  by  a  factor  of  five. 
Using  trypsin  digestion  of  chromosome 
preparations,  Wolfe  and  others  presented 
evidence  that  Vicia  faba  has  more  lateral 
strands  in  its  chromosomes  than  Vicia 
sativa.42'43.  A  comparison  of  the  DNA 
renaturation  kinetics  of  these  two  species 
would  test  the  feasibility  of  a  polynemic 
relationship  between  them.44  For  this 
reason  renaturation  kinetics  studies  of 
Vicia  faba  and  Vicia  sativa  DNAs  have 
been  initiated  (Fig.  28).  Results  show 
that  85%  of  the  genome  of  Vicia  faba  re- 
natures  in  0.14  M  PB  at  60°C,  as  though 
it  were  composed  of  many  families  of 
repeated  sequences  whose  repetition  fre- 
quencies range  from  103  to  106.  A  similar 
study  is  under  way  for  Vicia  sativa. 

Phosphate  Gradient  Elution  of 
Reassociated  DNA  Fragments 

B.  H.  Hoyer  and  N.  W.  van  de  Velde 

As  described  in  last  year's  Annual  Re- 
port (Year  Book  69,  pp.  507-515),  par- 


tially reassociated  bacterial  DNA  frag- 
ments adsorbed  to  columns  of  hydroxy- 
apatite  (HAP)  were  eluted  by  linear 
gradients  of  phosphate  buffer  (PB)  to 
yield  a  bimodal  elution  profile.  In  con- 
trast, animal  DNA  fragments  reassoci- 
ated to  Cot  =  200  yielded  a  trimodal  elu- 
tion profile,  unassociated  DNA  fragments 
were  eluted  by  the  lowest  PB  concentra- 
tion (about  0.12  M) ,  low  thermal  stabil- 
ity (Tm  =  73 °C)  reassociated  repeated 
DNA  sequences  were  eluted  by  interme- 
diate PB  concentrations  (about  0.22  M) , 
and  high  thermal  stability  (Tm  —  84° C) 
reassociated  DNA  sequences  were  eluted 
by  the  highest  (about  0.26  M)  PB  con- 
centrations. Unfractionated  animal  DNA 
fragments  sufficiently  reassociated  to  in- 
clude a  large  proportion  of  unique  se- 
quences had  not  been  examined. 

Radiolabeled  green  monkey  50K  DNA 
fragments  were,  therefore,  reassociated 
from  C0t  —  4  to  Cot  =  40,000  to  include 
both  repeated  and  unique  DNA  sequences 
for  examination  in  phosphate  gradient 
elution  procedures.  The  DNA  fragments 
were  reassociated  in  43%  formamide  and 
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1.2  M  Na+  at  36°C.  These  conditions  are 
equivalent  to  0.14  M  PB  at  60°C. 

The  trimodal  elution  pattern  was  ob- 
served at  C0t  =  4  as  well  as  at  C0t  =  200. 
When  reassociation  was  continued  from 
C0t  =  500  to  C0t  =  40,000,  the  trimodal 
distribution  was  no  longer  observed  and 
the  intermediate  peak  merged  with  that 
of  the  terminal  peak.  Diminution  of  the 
area  under  the  0.12  M  PB  peak  and  in- 
crease of  the  area  under  the  terminal 
peak  (0.26  M  PB)  approximated  the  ex- 
pected reassociation  kinetics  for  unique 
animal  DNA  from  C0t  =  500  to  C0t  = 
40,000. 

About  90%  of  the  unfractionated  green 
monkey  DNA  fragments  in  0.14  M  PB 
were  adsorbed  to  HAP  at  60 °C.  Elution 
by  a  linear  thermal  gradient  and  0.14  M 
PB  yielded  a  Tm  =  82  °C.  When  simi- 
larly reassociated  fragments  were  ad- 
sorbed to  HAP  in  the  presence  of  SM  urea 
and  0.24  M  PB  (Year  Book  68,  pp.  400- 
402),  40%  of  the  DNA  was  bound. 
Thermal  gradient  elution  in  0.14  M  PB 
indicated  a  Tm  of  84°C.  Unique  green 
monkey  DNA  has  been  previously  shown 
{Year  Book  69,  p.  ^91)  to  elute  with  a  Tm 
of  84-85 °C  under  similar  conditions.  Ap- 
parently the  8M  urea  and  0.24  M  PB  ad- 
sorption conditions  select  for  the  well- 
ordered,  reassociated  DNA  sequences. 

These  results  support  the  ideas  of  inter- 
spersion  of  unique  and  repeated  DNA  se- 
quences proposed  by  Rice  and  Britten.  Ap- 
parently, sufficient  unique  DNA  sequences 
are  intermixed  with  repeated  DNA  se- 
quences on  50K  DNA  fragments  so  that 
incubation  to  high  Cot  allows  the  inter- 
mixed unique  sequences  to  reassociate 
and  shift  the  elution  position  of  the  low 
thermal  stability  repeated  sequences  to 
an  elution  position  indicative  of  a  greater 
degree  of  base-pairing.  These  results  also 
indicate  that  50K  DNA  fragments  with 
regions  of  both  good  and  poor  base  pair- 
ing are  most  likely  eluted  from  HAP  with 
characteristics  predominantly  determined 
by  the  well-ordered  region. 


Studies  on  the  Expression,  Evolution, 
and  Amplification  of  DNA  Sequences 

D.  E.  Kohne  and  M.  J.  Byers 

Recent  applications  of  DNA:  RNA  hy- 
bridization techniques  have  enabled  us  to 
isolate  from  several  tissues  DNA  se- 
quences which  have  been  expressed  as 
RNA.  These  isolated  expressed-DNA  se- 
quences (E-DNA)  have  been  utilized  in 
an  attempt  to  detect  gene  amplification 
and  to  study  the  evolution  of  expressed- 
DNA  sequences. 

Table  9  gives  preliminary  estimates  of 
the  extent  of  expression  of  nonrepeated 
cow  DNA  in  several  different  tissues.  All 
of  the  values  are  probably  underestimates 
(by  a  factor  of  2-4)  of  the  actual  extent 
of  expression. 

The  concept  of  gene  amplification  sug- 
gests that  one  cell  type  has  more  copies 
of  a  specific  gene  (or  genes)  than  does  a 
different  cell  type.  E-DNA  sequences 
from  a  specific  tissue  (e.g.,  liver)  can  be 
used  to  determine  the  relative  concentra- 
tion of  the  E-DNA  in  the  liver  and  other 
tissues.  The  rate  of  reassociation  of  any 
particular  DNA  sequence  (e.g.,  E-DNA 
sequences)  is  proportional  to  the  concen- 
tration of  that  sequence  in  the  total  DNA. 
If  the  concentration  of  E-DNA  sequences 
is  higher  in  liver  than  in  another  tissue, 


TABLE  9.    Degree  of  Expression  of  Non- 
repeated  Cow  DNA  in  Three  Different  Tissues 


Percent  of 

Nonrepeated 

RNA  Cot 

DNA  in 

(66°C, 

H3-DNA 

DNA:  RNA 

Tissue 

.48  M  PB) 

Cot 

Hybrids 

Fetal 

16,600 

2.26 

6.5 

liver 

Adult 

24,000 

1.5 

5.2 

liver 

Fetal 

18,000 

3.1 

2.8 

brain 

Adult 

10,000 

1.0 

3.2 

brain 

Fetal 

11,200 

1.0 

3.9 

kidney 

No  RNA 

2.7 

0.8 
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the  isolated  liver  E-DNA  will  reassociate 
faster  with  liver  DNA  than  with  the 
DNA  from  another  tissue.  With  the  in- 
clusion of  an  internal  standard  (as  de- 
scribed below),  twofold  amplification  of 
E-DNA  could  be  detected. 

To  determine  the  extent  of  amplifica- 
tion, comparisons  were  made  of  reassocia- 
tion  rates  obtained  when  E-DNA  is  re- 
acted with  two  different  DNAs:  (a)  DNA 
from  the  same  tissue  used  to  obtain  the 
RNA  utilized  in  E-DNA  isolation ;  and  (b) 
DNA  from  a  different  tissue.  C14-labeled 
total  nonrepeated  cow  DNA  was  included 
as  an  internal  standard  in  each  incuba- 
tion mixture  to  gain  greater  accuracy  of 
comparison.  The  ratio  of  nonradioactive 
to  radioactive  DNA  purposefully  was 
made  high  to  ensure  that  the  rate  of  re- 


association  was  determined  by  the  non- 
radioactive DNA.  The  mixtures  were  de- 
natured and  incubated  (0.48  M  PB,66°C). 
Samples  were  taken  at  various  times  after 
the  start  of  the  reaction,  and  the  amount 
of  reassociation  of  H3-  and  C14-labeled 
DNA  with  unlabeled  DNA  was  deter- 
mined by  HAP  fractionation.  The  indi- 
vidual rate  constants  for  the  reaction 
could  then  be  determined.  Reassociation 
kinetics  of  nonrepeated  DNA  closely  fol- 
lows that  of  a  second-order  reaction,  and 
the  rate  constant  can  be  determined  from 


,  ..      i.     C  1 

the  relationship = 

^  Co        1  +  KCot 


,  where 


C 

~C~o 


is  the  fraction  of  unreassociated  DNA, 


TABLE  10.    Kinetics  of  Reaction  of  Isolated  Expressed  H3-DNA  Sequences  with 
Different  DNAs.   C14  Total  Nonrepeated  DNA  Added  as  an  Internal  Standard 


Fraction  Adsorbed 

Fetal  Calf  Liver 

Hours  of 
Incubation 

Cot 

to  HA 

Ktf 

E-DNA  Reacted  with 

H3-DNA 

C14-DNA 

Xc« 

Unlabeled  calf 

19 

314 

40 

32 

1.41 

liver  DNA 

44 

745 

55 

46 

1.43 

72 

1210 

61 

53 

1.42 

140 

2100 

69 

57 

1.70 

Unlabeled  calf 

26 

378 

46 

37 

1.27 

brain  DNA  (control) 

54 

760 

59 

50 

1.18 

73 

1100 

72 

61 

1.66 

Adult  brain  E-DNA 

20 

340 

42 

27 

1.90 

reacted  with 

48 

820 

56 

41 

1.83 

adult  brain  DNA 

98 

1670 

70 

55 

1.90 

Calf  thymus  DNA 

20 

300 

36 

26 

1.60 

(control) 

48 

720 

52 

40 

1.40 

98 

1470 

67 

55 

1.64 

Adult  liver  E-DNA 

6 

228 

19 

21 

.89 

reacted  with 

10 

380 

28 

29 

.86 

adult  liver  DNA 

26 

990 

44 

50 

.78 

100 

3800 

63 

67 

.86 

Calf  thymus  DNA 

6 

192 

18 

24 

.69 

(control) 

10 

320 

31 

33 

.91 

26 

832 

43 

49 

.78 

100 

3200 

65 

72 

.72 
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K  is  the  rate  constant,  t  is  the  time  of  in- 
cubation in  hours,  and  C0  is  the  initial  con- 
centration of  the  DNA.  The  K's  for  H3 
and  C14  reactions  were  calculated  for 
each  kinetic  point  (Table  10)  and  the  ratio 
of  the  rate  constant  for  the  H3  E-DNA 
(i£H3)  and  the  rate  constant  for  the  total 
nonrepeated  DNA  (Kcu)  can  be  used  as 
an  indication  of  differences  in  the  reaction 
rate  of  the  H3  and  C14  DNAs.  Table  11 
indicates  that  for  the  three  tissues  ex- 
amined, the  ratio  between  the  experi- 
mental (KH3/KC^)  and  the  control 
(Kns/Kc^)  is  near  unity.  This  indicates 
that  the  majority  of  the  expressed  se- 
quences in  these  tissues  were  not  in  an 
amplified  state. 

In  the  experiments  reported  here  the 
amplification  of  nonrepeated  DNA  se- 
quences (each  sequence  present  only  once 
per  haploid  genome  in  the  nonamplified 
state)  of  cow  tissues  were  examined.  While 
these  results  appear  to  rule  out  large-scale 
amplification  of  E-DNA  sequences,  ampli- 
fication nevertheless  may  be  reserved  as 
a  possible  developmental  mechanism  for 
those  instances  where  a  great  amount  of 
a  specific  gene  prqduct  is  needed,  such  as 
in  amphibian  oogenesis,  or  in  rRNA  gene 
loss  compensation  in  Drosophila.  In  ad- 
dition, it  is  possible  that  an  amplification 
mechanism  does  exist  for  certain  genes 
during  the  development  of  a  tissue.  The 
experiments  reported  here,  for  example, 
would  not  show  in  clear-cut  fashion  a 
twofold  to  fourfold  amplification  of  20% 
of  the  E-DNA.  The  technique  could 
easily  be  modified,  however,  to  pick  up 
this  degree  of  amplification.  A  further 
limitation  of  these  results  lies  in  the  na- 


TABLE  11.  Ratio  of  Experimental  Ktf/Kc™  to 
Control  Khz/Kc™  for  Various  Tissues 


Approximate 

Adult 

Fetal 

Adult 

Cot 

Liver 

Liver 

Brain 

350 

.94 

1.11 

1.18 

800 

1.00 

1.21 

1.31 

1200 

.85 

1.15 

2500 

1.19 

ture  of  the  tissues  utilized.  Both  brain 
and  liver  are  complex  tissues  containing 
many  different  cell  types.  It  is  conceiv- 
able that  amplification  does  occur  for  all 
expressed  sequences  but  remains  unde- 
tected in  our  experiments  because  the 
amplification  is  diluted  out  due  to  differ- 
ent sequences  being  amplified  to  a  low 
degree  in  each  cell  type.  Experiments  on 
a  homogeneous  cell  population  would 
serve  to  circumvent  this  difficulty. 

Another  source  of  difficulty  in  these 
experiments  is  that  the  function  of  the 
E-DNA  is  unknown.  It  is  possible  that 
the  majority  of  the  E-DNA  from  the 
various  tissues  is  homologous  to  nuclear 
RNA,  and  that  cytoplasmic  RNA  is 
poorly  represented.  Perhaps  only  RNA 
transcribed  into  protein  arises  from  am- 
plified sequences.  This  difficulty  could  be 
avoided  by  using  fractionated  RNA  to 
isolate  E-DNA.  An  ideal  RNA  fraction 
would  be  a  purified  message  such  as  the 
one  for  the  protein  hemoglobin. 

Divergence  of  Expressed  DNA 

Sequences 

D.  E.  Kohne  and  M.  J.  Byers 

Studies  on  the  evolution  of  mammalian 
DNA's  reported  in  Year  Book  69,  p.  485, 
described  the  divergence  of  the  total  non- 
repeated  DNA  fractions  from  several 
mammalian  DNA  species.  Isolation  of 
nonrepeated  expressed  DNA  (E-DNA) 
from  specific  cow  tissues  has  enabled  us  to 
compare  the  divergence  of  the  E-DNA  se- 
quences with  that  of  the  total  nonrepeated 
DNA  fraction.  Specifically  we  have  asked 
whether  nonrepeated  DNA  sequences  ex- 
pressed as  RNA  have  been  more  con- 
served during  evolution  than  the  bulk  of 
the  DNA. 

The  detailed  procedure  for  doing  these 
DNA  comparison  experiments  was  de- 
scribed in  Year  Book  69,  p.  485.  A  brief 
description  of  the  experimental  rationale 
follows. 

To  determine  the  extent  of  divergence 
of  the  E-DNA  (isolated  as  described  in 
the  previous  section)  relative  to  that  of 
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total  nonrepeated  DNA,  small  quantities 
of  H3  E-DNA  from  a  specific  cow  tissue 
and  total  C14  nonrepeated  cow  DNA  were 
mixed  with  large  quantities  of  sheep,  pig, 
and  cow  DNAs,  respectively.  Each  mix- 
ture then  was  incubated  until  most  of  the 
nonlabeled  DNA  was  reassociated.  The 
radioactive  DNAs  in  these  mixtures  are 
at  such  low  concentrations  that  these 
sequences  can  reassociate  only  if  there  are 
sequences  complementary  to  them  in  the 
nonradioactive  DNA.  At  the  end  of  the 
reassociation  period  the  double  strand 
DNA  was  isolated  on  HAP.  Virtually  all 
radioactive  DNA  in  the  reassociated  frac- 
tion is  in  the  form  of  hybrid  DNA  mole- 
cules. Comparison  of  control  thermal 
stability  profiles  with  those  of  E-DNA 
sequences  reacted  with  sheep  and  pig 
DNA  indicates  the  extent  of  sequence 
divergence.  Table  12  presents  the  results 
of  these  experiments. 

In  each  comparison  in  Table  12,  the 
hybrid  C14  (total  nonrepeated  DNA)  and 
H3  (E-DNA)  are  very  similar  to  each 
other.  The  difference  between  the  H3  and 
C14  cow-sheep  thermal  stabilities  is  about 
the  same  as  that  seen  in  the  control  cow- 


TABLE  12.   Data  for  Divergence  Experiments 


Thermal 

Thermal 

Stability 

Stability 

(°C)ofC14- 

(°C)ofH3- 

DNAs 

reassociated 

reassociated 

Compared 

DNA 

DNA  (E-DNA) 

Cow-cow 

(62%)*  84.8 

(74%)*  83.3 
(liver  E-DNA) 

Gov/ -sheep 

(48%)    77.3 

(60%)    76 
(liver  E-DNA) 

Cow-pig 

(16%)    70.1 

(25%)    71.8 
(liver  E-DNA) 

Cow-sheep 

(52%)    76.2 

(66%)    78 
(brain  E-DNA) 

Cow-pig 

(19%)    69 

(31%)    69.2 
(brain  E-DNA) 

*  Percent  radioactive  DNA  reassociated  with 
the  nonradioactive  DNA. 

cow  comparison.  There  is  some  indication 
in  the  cow-pig  comparisons  that  the  E- 
DNA  (H3)  sequences  may  have  been 
slightly  conserved.  It  appears  that  the 
E-DNA  sequences  have  not  been  greatly 
conserved  (relative  to  the  bulk  non- 
repeated  DNA)  over  evolutionary  time. 
The  significance  of  this  observation  is  not 
clear,  since  the  function  of  the  E-DNA  is 
not  known. 


EDUCATIONAL    ACTIVITIES 


Our  efforts  this  year,  which  included  a 
somewhat  structured  educational  pro- 
gram, have  proved  gratifying.  These 
efforts  are  not  only  part  and  parcel  of  our 
research  function  but  provide  the  Staff  an 
opportunity  to  keep  in  touch  with  a  cross 
section  of  a  generation  of  budding  scien- 
tists: college  undergraduates,  predoctoral 
candidates,  and  postdoctoral  Fellows. 
The  students,  in  turn,  profit  from  study 
and  work  in  intimate  association  with 
mature  and  established  scientists,  as  they 
express  themselves  in  basic  research  in 
laboratory  and  field  investigations  on  the 
frontiers  of  science. 

The  structured  portion  of  our  program 
has  tended  to  follow  the  advanced  semi- 
nar pattern  in  which  both  Staff  and  stu- 
dents participate  as  leaders.  Generally,  a 
chosen  area  is  discussed  weekly  in  ses- 


sions lasting  from  one  and  one-half  to 
two  and  one-half  hours.  The  unstructured 
portion  has  tended  to  follow  a  tutorial 
pattern  in  which  one  or  more  of  the  Staff 
are  available  for  consultation  and  assume 
the  responsibility  for  the  scientific  growth 
and  development  of  a  student. 

Each  of  the  Department's  sections  con- 
ducted seminar  series  throughout  the  year 
and  an  intensive  summer  Trainee  Fel- 
lowship program  is  under  way. 

During  the  fall  and  winter  the  Astro- 
physics Section  considered  topics  in  ex- 
perimental physics,  galaxies,  gaseous 
nebulae,  and  interstellar  reddening,  meet- 
ing two  days  each  week  and  occasionally 
three.  Beginning  in  February,  a  concen- 
trated course  in  radio  astronomy  was  pre- 
sented. This  course  covered  the  physics 
of   emission  mechanisms,   techniques   of 
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observation,  21  cm  observations,  super- 
nova remnants,  high-velocity  clouds,  mo- 
lecular lines  and  long-baseline  inter- 
ferometry.  At  its  conclusion,  selected 
areas  of  atomic  physics  were  probed, 
especially  radiative  lifetimes  and  line 
strengths,  problems  of  beam-foil  spectros- 
copy, physical  processes  in  gaseous  nebu- 
lae with  special  reference  to  atomic-line 
production,  and  further  discussions  of 
supernova  remnants. 

From  early  November  until  early  April 
the  Geophysics  Section  carried  on  a 
weekly  seminar  series  under  the  general 
title  "Geochemistry-Geomiscellaneous 
Seminar."  As  the  title  indicates,  it  was  a 
potpourri  of  discussion  of  many  of  the 
most  exciting  and  challenging  areas  in 
modern  earth  sciences:  Geochemistry  of 
island  arc  volcanics,  anisotropy  in  the 
mantle,    geochronology    of    the    Black 


Forest,  resistivity  in  the  Peruvian  Alti- 
plano,  and  the  relationship  of  Andean 
crustal  and  upper  mantle  structure  to 
tectonics  were  a  few  of  the  topics  consid- 
ered. Staff  and  Fellows  of  both  the  DTM 
and  the  Geophysical  Laboratory  partici- 
pated in  this  series,  as  did  several  mem- 
bers of  governmental  organizations  in  the 
Washington  community. 

The  Biophysics  Section  conducted  the 
most  ordered  and  complete  discussion 
series.  These  discussions  were  slated  for 
two  hours  each  week.  Not  infrequently 
they  consumed  the  better  part  of  the  day 
and  often  extended  to  a  subsequent  week. 
Several  special  seminars  were  also  held. 
The  agenda  for  the  scheduled  seminars  is 
listed  below  in  order  to  demonstrate  how 
fully  we  have  become  involved  in  the 
structured  aspect  of  our  educational 
activities. 


BIOPHYSICS  SEMINAR  PROGRAM,  1970-71 
Special  Discussion  Series 


Date 


Discussion  Leader 


10/12/70    R.  J*.  Britten  (DTM) 


10/19/70    D.  B.  Cowie  (DTM)  and 

D.  J.  Brenner  (Walter  Reed 
Medical  Center) 

10/26/70    R.  J.  Britten  (DTM) 


11/  2/70    R.  J.  Britten  and 

N.  A.  Straus  (DTM) 

11/  9/70    Nancy  R.  Rice,  B.  Hover, 
andD.  E.Kohne  (DTM) 

11/16/70    D.  E.  Kohne,  R.  J.  Avery, 
and  M.  Byers  (DTM) 

11/23/70    R.  J.  Britten  (DTM) 

12/  7/70    Martha  Simon  (State  Uni- 
versity of  New  York  at 
Stony  Brook) 


Topics 

Basic  phenomena — strand  pairing  and 
melting  —  kinetics  of  reassociation  — 
general  techniques 

Virus  and  bacterial  genomes — homologies 
and  divergences 


The  mouse  satellite  and  others- 
hvbridization 


-in  situ 


Higher  cell  genomes — repeated  and  non- 
repeated  DNA — patterns  of  divergence 

Divergence  of  higher  cell  genomes  in 
evolution — production  of  new  repeated 
DNA 

Expression  of  complementary  RNA — 
single  vs.  multiple — nuclear  vs.  cyto- 
plasmic 

Possible  function  of  repeated  DNA  and 
gene  regulation 

Electron  microscope  heteroduplex  studies 
of  sequence  relations  of  the  DNA  of 
lamboid  phages 
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Date  Discussion  Leader  Topics 

12/14/70    Ruth  Pertel  (National  Insti-      The  nematodes  as  a  model  system  for 
tutes    of    Health,    Bethesda,  differentiation 

Md.) 


1/  5/71     Elizabeth  Dickson  (Univer- 
sity of  Texas,  Austin) 


Organization  of  Drosophila  DNA 


1/11/71     Ray  McKenzie  (Naval  Medi-      Polypeptide  DNA  reactions 
cal  Research  Institute, 
Bethesda,  Md.) 


1/12/71  Colin  Pittendrich  (Stanford 
University,  Palo  Alto,  Calif.) 

1/25/71     R.  J.  Britten  (DTM) 

2/  1/71     D.  E.  Kohne  (DTM) 

2/  8/71  S.  Falkow  (Georgetown  Uni- 
versity, Washington,  D.C.) 

2/23/71     Allan  Leffler  II,  M.D. 
(Baltimore,  Md.) 

3/  1/71     Richard  Firtel   (Calif.  Insti- 
tute of  Technology, 
Pasadena,  Calif.) 

3/  8/71     R.  J.  Britten  (DTM) 

3/15/71     Arthur  Beaudet  (National 
Institutes  of  Health, 
Bethesda,  Md.) 

3/22/71  W.  R.  Duryee  (George  Wash- 
ington Univ.  Medical  School, 
Washington,  D.C.) 

3/29/71     R.  Friedman  and  R.  Stern 
(National  Institutes  of  Health, 
Bethesda,  Md.) 

4/  5/71  T.  Kelley  (National  Institutes 
of  Health,  Bethesda,  Md.) 

4/12/71     Sandra  M.  Faber  (DTM) 

4/29/71     Robert  Clark  (National  Insti- 
tutes of  Health,  Bethesda, 
Md.) 

5/  4/71     Sandra  M.  Faber  (DTM) 

6/  1/71     J.  Bishop   (University  of 
Edinburgh,  Scotland) 

6/  8/71     C.  E.  Finch  (Rockefeller 
University,  New  York) 


Biological  clocks 

Model  of  gene  regulation 

RNA  expression  of  single-  and  multiple- 
copy  DNAs 

Replication  of  bacterial  plasmids 

Human  satellites 

Studies  of  DNA  in  cellular  slime  molds 


Arrangement  of  repeated  sequences  in  ge- 
nome patterns  of  repeated  sequences 

Mammalian  peptide  chain  termination 


The  genetic  control  of  growth 


Double-stranded  RNA  in  animal  cells 


The  restriction  enzyme  from  H.  influ- 
enzae :  Base  sequence  of  the  recognition 
site 

What  are  galaxies  made  of? 

Studies  of  the  structure  of  chromatin 


Stellar  rotation 

DNA  hybridization  studies 

Aging 
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SPECIAL  SEMINARS,  1970-71 


Date 


Discussion  Leader 


Topics 


12/  9/70    Henry  Koffler  (Head,  Biolog-      Biogenesis  of  the  bacterial  flagellum 
ical  Sciences  Dept.,  Purdue 
University,  Lafayette, 
Indiana) 


5/14/71     Barbara  Hamkalo  (Oak 
Ridge  Laboratories,  Oak 
Ridge,  Tenn.) 


Visualization  of  genes  in  action 


6/30/71     Samuel  Weeks  (Curator,  Bird      Is  there  intelligent  life  on  earth? 
House,  National  Zoological 
Park,  Smithsonian  Institution, 
Washington,  D.C.) 
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INTRODUCTION 


Significant  new  observations  of  quasars 
have  made  the  problem  of  interpreting 
these  enigmatic  objects  even  more  chal- 
lenging. The  quasar  PHL  957  has  an 
emission-line  redshift  of  2.69,  the  second 
largest  yet  observed.  Within  the  past 
year  it  has  been  studied  spectroscopically 
at  moderate  dispersion  by  Schmidt  in  as- 
sociation with  Morton,  Lowrance,  and 
Zuccino  of  Princeton  University,  using  an 
integrating  television  camera  at  the  200- 
inch  telescope,  and  also  by  Oke.  The 
spectrograms  show  about  80  rather  sharp 
absorption  lines  that  have  been  sorted 
into  eight  redshift  systems  with  redshifts 
between  2.0  and  2.7.  The  most  obvious 
interpretation  is  that  the  quasar  has 
ejected  discrete  clouds  of  absorbing  ma- 
terial corresponding  to  the  different  ab- 
sorption redshift  systems.  The  absorbing 
clouds  must  then  have  been  ejected  with 
speeds  of  some  50,000  km  sec-1,  but  it  is 
difficult  to  reconcile  this  with  the  sharp- 
ness of  the  absorption  lines,  which  indi- 
cates that  the  velocity  dispersion  within 
each  cloud  is  less  than  25  km  sec"1,  a 
remarkably  low  value. 

The  absence  of  absorption  due  to  inter- 
galactic  neutral  atomic  hydrogen  also  has 
been  noted  by  Schmidt,  who  points  out 
that  this  requires  the  density  of  such  hy- 
drogen to  be  less  than  10"11  atoms  cm-3  at 
redshift  2  if  the  redshifts  are  cosmolog- 
ical. 

Direct  evidence  as  to  the  cosmological 
nature  of  quasars  is  scanty,  but  Gunn  has 
found  a  noteworthy  example  in  the 
quasar  PKS  2251+11  with  a  redshift  of 
0.32.  This  object  is  seen  in  the  direction 
of  a  small  cluster  of  galaxies,  and  Gunn 
finds  that  the  brightest  of  these  galaxies 
has  essentially  the  same  redshift  as  the 
quasar,  suggesting  that  the  quasar  is  in 
the  cluster  and  that  its  redshift  is  there- 
fore cosmological. 

In  apparent  conflict  with  this  interpre- 
tation is  evidence  obtained  by  observa- 


tions of  the  compact  object  Markarian 
205,  identified  by  Arp  as  a  quasar.  Its 
redshift  is  0.070,  yet  it  appears  to  be  con- 
nected by  a  luminous  filament  to  a  spiral 
galaxy,  NGC  4319,  that  has  a  redshift  of 
0.006. 

When  a  redshift-magnitude  diagram  is 
plotted  for  quasars,  the  fainter  ones  show 
larger  redshifts  on  the  average,  but  there 
is  a  large  scatter  because  the  quasars 
intrinsically  have  a  great  range  in  abso- 
lute magnitude.  They  are,  therefore,  not 
directly  useful  in  such  problems  as  the 
determination  of  the  rate  of  expansion  of 
the  universe.  For  such  studies  it  is  neces- 
sary to  observe  galaxies  for  which  red- 
shifts  can  be  measured  and  for  which 
distances  can  be  derived.  It  is  noteworthy 
that  the  redshift  0.46  determined  in  1960 
by  Minkowski  (Year  Book  59,  p.  21)  for 
the  radio  galaxy  3C295  remains  the  larg- 
est galaxy  redshift  yet  measured. 

To  extend  the  redshift-distance  rela- 
tionship, it  is  therefore  desirable  to  meas- 
ure redshifts  and  magnitudes  for  very 
distant  galaxies.  Spectroscopic  redshift 
measurements  depending  on  discrete  spec- 
trum lines  are  difficult  or  impossible  to 
make  when  the  galaxies  are  faint.  An- 
other method,  originated  some  years  ago 
by  Baum,  involves  the  observation  of  the 
spectral-energy  distribution  curve  for  a 
distant  galaxy  and  comparison  of  this 
with  standard  distribution  curves  red- 
shifted  in  varying  degree.  Oke,  using  the 
multichannel  spectrometer  at  the  200- 
inch  telescope,  has  observed  absolute 
spectral-energy  distributions  for  a  se- 
lected list  of  42  peculiar  galaxies.  Kris- 
tian  has  also  obtained  redshifts  of  dis- 
tant galaxies  by  this  method.  Oke's 
observations  have  been  extended  to  ob- 
tain absolute  spectral-energy  distribu- 
tions for  galaxies  in  clusters  with  red- 
shifts  up  to  z  —  0.40.  The  list  includes 
3C295,  for  which  Minkowski's  value  of 
0.46  is  confirmed.    Also  included  are  a 
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galaxy  (0855+0321)  in  the  Hydra  clus- 
ter for  which  z  =  0.20,  and  a  cluster 
(0024+1654)  for  which  z  —  0.38.  The 
energy  distributions  for  all  of  these 
galaxies  show  no  evidence,  within  the 
accuracy  of  the  data,  for  any  evolution 
during  the  past  3  to  6  billion  years. 
Broad-band  photometry  of  the  clusters 
was  obtained  by  Sandage.  Combining 
the  redshift  and  magnitude  data  is  ex- 
pected to  result  in  an  improved  value  for 
the  deceleration  of  the  expansion  of  the 
universe. 

This  year  Sandage  and  Tammann  have 
finished  work  leading  to  a  revision  of  the 
Hubble  constant — the  measure  of  the  ex- 
pansion rate  of  the  universe.  This  has 
involved  the  calibration  of  linear  sizes  of 
H  II  regions  in  a  sample  of  relatively 
nearby  galaxies  and  the  application  of 
this  calibration  to  determine  the  dis- 
tances of  more  remote  galaxies  of  similar 
types  in  which  H  II  regions  have  also 
been  measured.  All  steps  of  the  involved 
procedure  were  finished,  including  de- 
termination of  new  redshift  data  for  faint 
Sc  I  galaxies  with  the  image-tube  spec- 
trograph at  the  Cassegrain  focus  of  the 
200-inch  telescope.  The  new  result  is 
H0  =  53  ±  5  km  sec-1  Mpc-1.  As  Sandage 
points  out,  this  is  smaller  by  a  factor  of 
10  than  Hubble's  1936  value.  Correspond- 
ingly, the  "Hubble  time"  since  the  expan- 
sion started  (with  no  allowance  for  de- 
celeration) is  increased  to  18  billion  years. 
Progress  is  being  made  toward  determina- 
tion of  the  deceleration  parameter,  q0,  but 
a  final  solution  is  not  yet  available. 

In  December  1970  the  Observatories 
received  the  news  of  a  gift  to  the  Carnegie 
Institution  from  Mr.  and  Mrs.  Crawford 
H.  Greenewalt  that  will  permit  the  con- 
struction of  a  new  100-inch  telescope  for 
the  Las  Campanas  Observatory  in  Chile. 
The  telescope  is  being  designed  by  the 
staff  of  the  Hale  Observatories  and  will 
be  known  as  the  Irenee  du  Pont  Tele- 
scope. Rule  has  been  appointed  Project 
Officer  with  chief  responsibility  for  the 
engineering  and  construction  of  the  tele- 
scope and  dome.  Dr.  I.  S.  Bowen,  Distin- 


guished Service  Member  of  the  Carnegie 
Institution,  with  the  collaboration  of 
Vaughan,  has  completed  the  optical  de- 
sign of  the  telescope.  Engineering  is  well 
advanced  and  a  construction  schedule  of 
42  months  is  planned.  A  primary  mirror 
blank  of  fused  silica,  together  with  light- 
weight blanks  for  the  secondary  mirrors, 
has  been  ordered  from  the  Corning  Glass 
Works.  The  telescope  will  be  designed 
according  to  the  latest  state  of  the  art 
and  will  have  several  innovative  features. 
A  modified  Ritchey-Chretien  optical  sys- 
tem designed  by  Bowen  will  provide,  at 
the  Cassegrain  focus,  excellent  star 
images  over  an  unusually  wide  field  of 
2.1  degrees.  It  is  the  intention  of  the  staff 
to  provide  a  complete  array  of  modern 
auxiliary  instruments  with  an  efficient 
digital  system  for  acquisition  of  data. 
This  most  modern  telescope,  operating 
under  the  conditions  available  at  Las 
Campanas,  should  constitute  an  ex- 
tremely important  addition  to  the  facil- 
ities available  to  the  Observatories. 

Meanwhile,  the  development  of  Las 
Campanas  as  an  observatory  site  has  pro- 
gressed rapidly.  The  dome  for  the  40- 
inch  telescope  was  completed  in  April  and 
the  telescope  itself  was  erected  there  in 
the  following  month.  Preliminary  tests 
have  been  made  and  observations  are 
being  conducted  with  the  telescope  in 
advance  of  its  final  acceptance  from  the 
manufacturer. 

At  Palomar  Mountain,  a  noteworthy 
occasion  was  the  dedication  of  the  new 
60-inch  telescope  on  October  23,  1970. 
This  instrument,  built  by  the  Carnegie 
Institution  with  funds  provided  by  the 
National  Science  Foundation,  was  erected 
in  a  building  and  dome  donated  to  the 
California  Institute  of  Technology  as  a 
memorial  to  the  late  Oscar  G.  Mayer  by 
members  of  his  family.  The  dedication 
was  attended  by  representatives  of  the 
National  Science  Foundation,  the  Na- 
tional Aeronautics  and  Space  Administra- 
tion, the  California  Institute,  the  Car- 
negie Institution,  the  Mayer  family,  and 
other  distinguished  guests. 
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At  Mount  Wilson  the  total  precipita- 
tion was  27.81  inches  and  snowfall 
amounted  to  7C.5  inches  for  the  year.  A 
maximum  temperature  of  89  °F  was 
reached  on  August  10,  1970,  and  a  mini- 
mum of  16°F  was  recorded  on  February 
20,  1971. 

The  total  precipitation  at  Palomar 
Mountain  was  25.61  inches,  while  snow- 
fall amounted  to  89.75  inches,  of  which  58 
inches  fell  in  December.  Temperature 
extremes  were  100°  and  11°F;  the  former 
is  the  highest  maximum  recorded  in  32 
years. 

Observations  were  made  with  the  100- 
inch  telescope  on  Mount  Wilson  on  187 
complete  nights  and  62  partial  nights  for 
a  total  of  2260  hours;  the  telescope  was 
out  of  service  for  major  mechanical  re- 
pairs and  for  aluminizing  for  63  nights. 
The  Mount  Wilson  60-inch  was  out  of 


service  for  30  nights  but  was  in  use  for  a 
total  of  2336  hours. 

The  following  tabulation  relates  to  the 
use  of  the  200-inch  Hale  Telescope  during 
the  year  1970-71. 


TABLE  1. 

Observations 

Complete 

Partial 

Total 

1970-71 

Nights 

Nights 

Hours 

July 

27 

2 

260.40 

August 

26 

4 

249.55 

September 

28 

0 

261.30 

October 

24 

3 

261.90 

November 

18 

5 

222.50 

December 

16 

6 

199.85 

January 

20 

6 

253.75 

February 

18 

6 

223.00 

March 

29 

2 

349.20 

April 

19 

3 

202.60 

May 

12 

7 

128.60 

June 

27 

0 

256.80 

Totals 

264 

44 

2864.45 

PHYSICS     OF    THE    SUN 


The  solar  tower  telescopes  at  Mount 
Wilson  continue,  under  the  supervision 
of  Howard,  to  gather  basic  solar  data 
which  is  used  in  numerous  research  proj- 
ects at  the  Hale  Observatories  and  at 
many  other  observatories  throughout  the 
world.  Observations  were  made  on  328 
days.  Between  June  1,  1970,  and  May  31, 
1971,  the  following  systematic  observa- 
tions were  obtained: 

Direct  photographs  310 

Ha  spectroheliograms,  30-foot  focus  577 

K2  spectroheliograms,  30-foot  focus  578 

Full-disk  magnetograms  270 

Sunspot  drawings  296 

The  most  important  of  these  observa- 
tions continue  to  be  the  magnetograms, 
which  constitute  a  unique  source  of  fun- 
damental synoptic  data:  the  distribution 
of  magnetic-field  strengths  and  line-of- 
sight  velocities  across  the  solar  surface. 
Much  of  the  data  reduction  in  connection 
with  the  magnetograms  continues  to  be 
supported  by  the  Office  of  Naval   Re- 


search. The  daily  magnetograms  are 
published  in  the  monthly  National  Oce- 
anic and  Atmospheric  Administration 
bulletin  Solar  Geophysical  Data.  The 
synoptic  charts  of  solar  magnetic  fields 
are  published  in  the  International  Astro- 
nomical Union  publication  Quarterly 
Bulletin  on  Solar  Activity. 

Large-Scale  Velocity  Fields 

The  velocity  data  from  the  daily  mag- 
netograms over  the  last  few  years  have 
been  analyzed  by  Howard  in  a  prelimi- 
nary attempt  to  determine  what  large- 
scale  velocity  fields  may  exist  on  the 
solar  surface.  Areas  are  observed,  with 
dimensions  of  the  order  of  a  solar  radius 
wherein  there  is  indicated  a  more  or  less 
coherent  downward  motion,  with  ampli- 
tudes in  the  range  50-75  m  sec"1.  Such 
features  persist  for  some  days  and  share, 
at  least  approximately,  the  solar  rotation 
rate.  They  cannot  represent  large-scale 
transfers    of    matter   because    the    large 
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density  gradient  above  the  photospheric 
layers  where  the  velocities  are  measured 
would  require  impossibly  high  velocities 
in  the  chromosphere.  It  is  probable  that 
the  extensive  features  observed  represent  a 
large-scale  ordering  of  small-scale  circu- 
lation, which,  because  of  excitation  or 
ionization  differences  in  ascending  and 
descending  columns,  shows  a  net  down- 
ward flow.  Such  an  effect  is  well  known 
over  active  regions.  Other  horizontal 
large-scale  streams  were  observed  with 
lifetimes  of  many  months.  There  is  no 
evidence  of  meridional  flows  in  these 
data,  an  upper  limit  to  the  line-of-sight 
component  being  about  30  m  sec"1.  The 
unexpectedly  large  scale  of  motions  on 
the  solar  surface  has  made  the  lack  of  a 
well-defined  zero  velocity  datum  in  the 
observations  a  serious  handicap.  It  is 
hoped  that  this  deficiency  will  be 
remedied  within  the  coming  year. 

Small-Scale  Velocity  Fields 

Drs.  Andrew  S.  Tanenbaum  and  John 
M.  Wilcox  of  the  Space  Sciences  Labora- 
tory, University  of  California,  Berkeley, 
and  Howard  have  detected  for  the  first 
time  5-minute  oscillations  in  magnetic 
fields  measured  with  spectrum  lines 
formed  in  the  photosphere  and  low  chro- 
mosphere. The  amplitudes  of  the  oscilla- 
tions are  quite  low — 2  gauss  or  less — and 
are  generally  buried  in  the  noise.  Auto- 
and  cross-correlation  and  superposed 
epoch  analyses  were  required  to  detect 
the  magnetic  oscillations.  It  is  likely  that 
these  magnetic  oscillations,  which  have  a 
definite  phase  relation  to  the  velocity  5- 
minute  oscillations,  are  produced  by 
Alfven  waves  or  magnetosonic  waves  gen- 
erated by  the  velocities. 

Large-Scale  Magnetic  Fields 

The  six  years  of  data  from  the  Mount 
Wilson  Atlas  of  Solar  Magnetic  Fields 
(Carnegie  Institution  Publication  No. 
626)  were  analyzed  in  terms  of  surface 
harmonics  by  Drs.  Martin  Altschuler, 
Gordon   Newkirk,   Mrs.   Dorothy   Trot- 
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ter  of  the  High  Altitude  Observatory, 
and  Howard.  Between  1959  and  1962  the 
dominant  harmonic  corresponded  to  a 
dipole  in  the  plane  of  the  equator.  From 
about  the  end  of  1962  through  1964,  the 
harmonic  corresponding  to  four  sectors 
was  dominant.  In  1965  and  1966  the 
north-south  dipole  became  significant. 

Solar  Abundances  of  Iron  and  Silicon 

[Fe  I]  lines  have  been  identified  in 
sunspots  by  Dr.  N.  Grevesse  of  the  Uni- 
versity de  Liege,  Dr.  H.  Nussbaumer  of 
the  Joint  Institute  of  Laboratory  Astro- 
physics, University  of  Colorado,  and  J.  P. 
Swings  (Monthly  Notices  Roy.  Astron. 
Soc,  151,  239-252, 1971) ;  this  was  shown 
to  be  in  agreement  with  the  high  value  of 
the  solar  iron  abundance,  log  NFe  =  7.5. 
Another  [Fe  I]  line  has  been  detected  on 
tracings  obtained  by  J.  P.  Swings  in  Octo- 
ber 1970  at  the  Kitt  Peak  solar  telescope; 
the  analysis  by  Grevesse  and  Swings  of 
the  characteristics  of  this  line,  A5696.36, 
gives  an  additional  argument  in  favor  of 
the  high  value  of  the  iron  abundance  in 
the  sun. 

The  low  excitation  (E.P.  =  0.78  eV) 
[Si  I]  line  A10991.41  is  blended  by  a 
telluric  water-vapor  line  when  observed 
at  the  center  of  the  solar  disk,  but  can  be 
detected  on  Doppler-shifted  spectra  ob- 
tained at  the  west  limb  of  the  sun.  Obser- 
vations were  obtained  by  Swings  at  /x  = 
cos  6  =  1.0  and  fi  =  0.2,  0.13,  and  0.11 
at  Kitt  Peak  National  Observatory  in 
October  1970.  The  intensity  of  the  line 
detected  by  Grevesse  and  Swings  near  the 
limb,  and  which  they  suggest  attributing 
to  [Si  I],  leads  to  a  solar  silicon  abun- 
dance in  agreement  with  the  value  de- 
duced from  higher-excitation  permitted 
lines  (E.P.  >  5  eV) ,  i.e.,  log  NSi  =  7.5. 

Cinematography  at  Big  Bear 

The  cinematographic  program  at  Big 
Bear  continued  under  the  supervision  of 
Zirin.  Approximately  61,000  feet  of  film 
were  exposed  with  the  two  10-inch  refrac- 
tors. Many  of  the  resulting  pictures  rep- 
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resented  a  high  level  of  resolution  of  the 
sun's  surface. 

It  is  now  possible  to  determine  quite 
accurately  the  direction  of  horizontal 
magnetic  fields  and  the  relative  intensi- 
ties of  longitudinal  fields,  and  to  relate 
them  to  the  detailed  structure  of  the 
chromosphere.  As  a  test,  Zirin  was  able 
to  predict  the  magnetic  field  measured  at 
Kitt  Peak  Observatory  on  October  17, 
1970,  by  means  of  an  Ha  picture.  The 
magnetogram  produced  from  the  Ha  was 
a  reasonably  accurate  representation  of 
the  measured  magnetogram,  and  from  the 
differences  it  was  possible  to  draw  certain 
conclusions.  In  general,  all  regions  show- 
ing longitudinal  fields  are  bright  in  the 
center  of  Ha,  and  all  horizontal-field  re- 
gions are  dark.  The  chromospheric  fibril 
structure  follows  closely  the  direction  of 
the  horizontal  magnetic  fields.  The  rela- 
tion of  the  fibril  structure  to  the  magnetic 
fields  depends  considerably  on  the  history 
of  the  group.  New  magnetic  field  lines 
always  erupt  in  bipolar  flux  loops  in  con- 
sonance with  established  models,  and  the 
related  spots  rapidly  separate.  However, 
considerable  reorganization  and  recon- 
nection  take  place  in  previous  fields,  and 
this  results  in  more  complex  connections. 
The  fibril  and  vortex  structures  studied 
by  Hale  appear  to  be  the  result  of  the 
gradual  expansion  of  bipolar  fields,  and 
the  fibrils  simply  represent  the  pattern 
of  the  lines  of  force  on  the  sur- 
face connecting  the  preceding  and  fol- 
lowing polarities.  Because  it  is  now  pos- 
sible to  trace  the  longitudinal  and  trans- 
verse fields  by  means  of  the  Ha  picture, 
Zirin  has  found  considerable  evidence  for 
reconnection  of  magnetic  fields  as  an  im- 
portant factor  in  solar  flares.  As  men- 
tioned in  Year  Book  69  (pp.  79-80) ,  solar 
flares  seem  to  occur  in  localities  where  the 
prevailing  polarity  rules  have  been  vio- 
lated. Under  higher  resolution  it  appears 
that  the  following  polarity  regions  are, 
in  fact,  small  bipolar  elements  that  erupt 
in  the  vicinity  of  the  main  spot. 


Solar  Flares 

Zirin,  in  collaboration  with  Miss  Gail 
Pruss  and  Mrs.  Joan  Vorpahl  of  the  Uni- 
versity of  California  at  Berkeley,  has 
continued  studies  of  the  X-ray  emission 
from  flares.  Excellent  observations  were 
available  for  a  flare  of  October  24,  1969, 
which  was  observed  at  Big  Bear,  with  the 
fine-scan  magnetograph  on  Mount  Wilson 
on  the  succeeding  day,  and  with  the  OGO 
X-ray  detector  by  the  Berkeley  group. 
Comparison  of  X-ray  and  radio  emission 
shows  the  time  profiles  of  the  48-60  kilo- 
volt  X  rays  and  the  8800  MHz  radio 
emission  to  be  identical.  The  Ha  time 
profile  was  also  almost  the  same  as  that 
of  the  X-ray  emission.  There  actually 
were  two  successive  bursts,  the  first  cor- 
responding to  a  rapid  brightening  in  a 
bipolar  satellite  spot  without  ejection; 
this  brightening  showed  only  radio  emis- 
sion in  high  frequencies,  presumably  be- 
cause of  plasma  cutoff.  The  second  burst 
produced  emission  at  a  broad  range  of 
frequencies.  The  investigators  developed 
a  model  based  on  bremsstrahlung  from 
the  electrons  to  produce  X  rays  and  on 
synchrotron  emission;  the  observations 
correspond  well  to  electron  densities  of 
about  1010  cm"3  in  magnetic  fields  of  200 
gauss.  The  energy  spectrum  in  the  50 
kilovolt  range  is  represented  approxi- 
mately by  E~s. 

Active  Regions 

Weart  continued  his  studies  of  the 
emergence  of  magnetic  flux  on  the  sun. 
Virtually  all  significant  flux  emerges  in 
the  form  of  readily  identifiable  structures 
that  may  be  termed  Arch  Filament  Sys- 
tems (AFS) .  They  appeared  at  an  aver- 
age rate  of  about  one  per  day  on  the 
entire  sun  during  the  sunspot  cycle  peak 
of  1969.  As  Zirin's  and  Prata's  work 
shows,  the  appearance  of  an  AFS  in  a  pre- 
existing sunspot  group  is  the  chief  mecha- 
nism by  which  important  changes  in  the 
groups  occur.  Weart's  studies  of  the  de- 
tails of  AFS  emergence,  using  Robinson 
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Laboratory  and  Big  Bear  films,  tend  to 
confirm  that  their  appearance  and  devel- 
opment can  be  explained  by  a  model  in 
which  the  emerging  flux  tube  is  twisted, 
as  was  suggested  many  years  ago.  This 
twist  may  affect  the  preceding/following 
asymmetry  of  large  sunspot  groups. 

Prata  used  photoheliograph  movies 
from  the  Robinson  Laboratory  and  Tel 
Aviv  facilities  to  follow  the  history  of  a 
series  of  related  active  regions  for  a  pe- 
riod of  five  months.  He  found  that  four 
active  regions  appeared  successively  at 
one  Carrington  longitude,  and  at  least 
three  active  regions  appeared  succes- 
sively at  a  second  Carrington  longitude 
15°  away.  New  regions  generally  ap- 
peared as  AFS's  next  to  the  boundary 
between  the  preceding  and  following  po- 
larities of  the  predecessor  regions.  The 
most  significant  aspect  of  the  develop- 
ment of  the  active  regions  was  the  inter- 
action of  the  newly  emerged  flux  with  the 
older  regions  or  with  new  fluxes.  The 
great  majority  of  large  flares  (importance 
1  or  greater)  for  this  particular  sequence 
of  regions  were  associated  with  inverted 
polarity. 

Prata  noted  ^that  high-resolution  H« 
photographs  from  Big  Bear  showed  that 
some  active-region  filaments  consisted  of 
long  rows  of  parallel,  closely  spaced  dark 
threads  joining  regions  of  opposite  po- 
larity. On  lower-resolution  photographs 
these  features  look  like  crooked  active- 
region  filaments  of  the  conventional  type, 
i.e.,  with  the  fine  structure  parallel  to  the 
filament  and  boundary.  It  is  known  that 
flares  often  start  near  polarity  bound- 
aries. Statistically,  it  appears  that  larger 
flares  are  more  likely  to  occur  near  a 
boundary  with  a  parallel  filament  than 
near  one  with  transverse  arches. 

Structure  of  the  Chromospheres 

Foukal  used  Ha  filtergrams  from  Big 
Bear  and  magnetograms  from  the  Aero- 
space Corporation  to  study  the  chromo- 
spheric  fine  structure  and  field.  Studying 
lifetimes,  internal  motions,  and  the  dens- 


ity range  of  the  fine-structure  fibrils  and 
threads,  he  concluded  that  their  proper- 
ties might  be  explained  by  essentially  the 
same  shock-wave  model  advanced  by  E. 
Parker  for  spicules.  He  showed  that 
fibrils  are  helpful  in  tracing  the  trans- 
verse component  of  the  field  between 
active  regions. 

Pasachoff  continued  his  studies  on  the 
fine  structure  of  the  solar  chromosphere. 
He  completed  his  work  on  the  calibration, 
in  absolute  units,  of  the  K-line  profiles 
emitted  by  individual  elements  of  the 
second-of-arc  fine  structure.  Values  vary 
quite  significantly  from  the  means;  for 
example,  although  the  mean  value  of  the 
K3  core  is  4.2%  of  the  continuum,  actual 
profiles  varied  from  2.8%  to  6.2%,  equiv- 
alent to  fluctuations  in  brightness  tem- 
perature from  3980°K  to  4360°K. 

Pasachoff  and  Zirin  examined  the 
singly  peaked  nature  of  the  profiles  of 
the  Ca  II  K-line  for  small  elements  on  the 
solar  surface.  They  showed  that  the  ap- 
parent doubly  peaked  form  may  result 
from  averaging  over  larger  areas. 

Eclipse  Data 

Weart  continued  his  analysis  of  the 
data  gathered  from  the  eclipse  of  March 
7,  1970,  observed  near  Puerto  Escondito, 
Oaxaca,  Mexico.  He  reduced  limb-dark- 
ening curves  in  four  bands  of  continuum 
radiation  so  that  the  effect  of  the  lunar 
mountains  could  be  removed,  and  obtained 
a  height  resolution  of  under  100  km,  the 
best  yet  reached  on  the  sun.  In  the  region 
0-500  km  (extreme  upper  photosphere), 
the  emission  scale  height  turns  out  to  be 
100  ±  10  km,  indicating  a  uniformly  low 
temperature  for  this  region.  At  500  km 
there  is  a  sharp  break  (transition  from 
photosphere  to  chromosphere)  above 
which,  according  to  the  infrared  data,  the 
electron  density  decreases  with  a  scale 
height  of  650  ±  75  km,  indicating  a 
mixed  region  at  high  temperature.  The 
ratio  of  emission  longward  and  shortward 
of  the  Balmer  limit,  which  is  a  direct- 
measure  of  a  product  of  electron  density 
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and  temperature,  rises  steeply  near  500 
km  and  is  constant  for  the  next  1000  km 
or  more.  These  data  should  provide 
stringent  limits  on  future  models  of  the 
solar  atmosphere. 

Pasachoff  continued  analysis  of  data 
from  the  same  eclipse  expedition,  on 
which  he  collaborated  with  Dr.  D.  H. 
Menzel  of  the  Harvard  College  Observa- 
tory. The  exceptional  sky  clarity  at  the 
eclipse  had  permitted  photography  of 
coronal  streamers  to  10  solar  radii,  un- 
usual for  a  ground-based  expedition.  The 
isophotes  of  the  outer  corona  he  measured 
can   be   compared    with   rocket   corona- 


graph  results  obtained  some  hours  earlier. 
The  streamers  are  straight  and  narrow, 
and  do  not  show  any  winding  effect  of  the 
solar  rotation.  Pasachoff  is  also  calibrat- 
ing the  polarization  data  for  a  separation 
of  the  K  and  F  coronas. 

Pasachoff,  also  in  collaboration  with 
Menzel,  has  considered  the  selection  of 
sites  for  observing  the  1973  total  solar 
eclipse,  at  which  totality  will  last  more 
than  seven  minutes  at  certain  African 
locations.  They  reported  on  their  recon- 
naissance trip  to  those  sites  and  on  astro- 
nomical and  meteorological  circum- 
stances. 


PLANETS    AND     THE     MOON 


Jupiter 

Spectral  scans  of  the  North  Equatorial 
Belt  of  Jupiter  in  the  5-micron  spectral 
window,  obtained  in  June  1970  by  Munch 
and  Neugebauer,  have  been  reduced  and 
studied.  These  scans  were  obtained  with 
a  grating  at  the  Cassegrain  focus  of  the 
200-inch  telescope.  They  have  a  resolv- 
ing power  of  200.  Stellar  spectra  in  the 
same  spectral  region  are  quite  featureless 
and  show  only  uncompensated  telluric 
H20  absorption.  The  new  scans  for  Jupi- 
ter, however,  appear  depressed  shortward 
of  A4.60  jui,  as  a  consequence  of  absorption 
in  the  wings  of  the  extremely  strong  CH4 
v&  band  at  A3.4  fx.  The  Jupiter  spectra  also 
show  a  conspicuous  absorption  at  A4.72  fx, 
most  likely  not  due  to  CH4.  A  plausible 
identification  for  this  feature  is  the  (0,  31, 
0)  band  of  HCN,  which  would  indicate  an 
absorption  path  of  the  order  of  10  cm- 
atm.  The  presence  of  other  absorption 
features  in  the  range  AA4.90-5.10  /x  is 
also  suspected,  but  they  appear  seriously 
masked  by  telluric  H20  absorption.  Ad- 
ditional improved  signal-to-noise  ratio 
and  resolving  power  will  thus  be  needed 
for  verification. 

Under  sponsorship  of  the  Venture  Fund 
of  the  California  Institute  of  Technology, 
two  undergraduate  students,  Rudy  J. 
Dam  and  Bruce  A.  Waddington,  carried 


out  during  the  summer  of  1970  a  photo- 
graphic study  of  the  motions  of  the  Jupi- 
ter Red  Spot  and  of  three  long-enduring 
white  oval  spots  in  the  South  Temperate 
Belt.  Using  a  variety  of  telescopes,  they 
confirmed  the  existence  of  a  90-day- 
period  oscillatory  motion  of  the  Red  Spot. 

The  study  of  the  spatial  and  temporal 
variations  of  the  localized  5-micron  flux 
from  Jupiter  was  continued  by  Westphal. 
Local  large  variations  in  the  flux  along 
the  North  Equatorial  Belt  were  followed 
through  disk  transit  from  the  limb  so  that 
limb-darkening  data  for  individual  fea- 
tures can  be  derived.  A  significant  new 
region  of  localized  5-micron  radiation  ap- 
peared in  the  South  Tropical  Belt  during 
1970;  it  seems  to  be  increasing  in  intens- 
ity while  overall  the  emission  from  the 
North  Equatorial  Belt  is  decreasing. 

Hansen  is  conducting  a  thesis  study  of 
the  thermal  emission  and  eclipse  cooling 
and  reheating  curves  of  the  inner  Gali- 
lean satellites.  These  data  should  yield 
new  information  on  the  surface  properties 
and  possible  tenuous  atmospheres  of 
these  bodies. 

Mars 

In  collaboration  with  Dr.  C.  B.  Farmer 
of  the  Jet  Propulsion  Laboratory,  Munch 
has  obtained  profiles  of  the  atmospheric 
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02  A-band  in  the  spectrum  of  Mars.  The 
objective  is  to  verify  and  improve  the 
tentative  detection  of  02  in  the  Martian 
atmosphere  by  Belton  and  Hunten 
(Astrophys.  J.,  153,  963,  1968).  Profiles 
obtained  with  the  Fabry-Perot  scanner 
of  the  100-inch  telescope  in  April  and 
May,  1971,  suggest  the  presence  of  an 
absorption  feature  at  the  expected  wave- 
length of  the  PQ(9)  line  of  016016.  To 
prove  that  this  line  is  actually  produced 
by  Martian  02,  it  will  be  necessary  to 
obtain  further  observations  past  opposi- 
tion, when  the  relative  Doppler  shift  be- 
tween the  earth  and  Mars  is  of  opposite 
sign. 

Saturn 

Profiles  of  strong  Fraunhofer  lines  in 
the  spectrum  of  Saturn  have  been  ob- 
tained by  Munch  with  the  100-inch  coude 
scanner.  As  was  found  previously  for 
Jupiter  {Year  Book  69,  p.  81) ,  the  central 
residual  intensity  of  the  K-line  in  Saturn 
appears  marginally  larger  than  in  the  sun 
or  the  moon.  In  order  actually  to  measure 
the  effect  of  Raman  scattering  on  the  line 
profiles,  both  in  Jupiter  and  Saturn,  it 
thus  has  become  apparent  that  additional 
scans  with  increased  spectral  resolving 
power  and  signal-to-noise  ratio  will  be 
required.  It  is  expected  that  these  two 
objectives  will  be  achieved  with  the  high 
throughput  interferometric  device  under 
construction. 

Uranus 

Westphal,  with  Goreau,  mapped  Ura- 
nus in  the  8870  A  CH4  absorption  band 
and  in  an  adjacent  continuum  region 
simultaneously  through  the  same  focal- 
plane    aperture,   with   the    multichannel 


scanner  at  the  200-inch  telescope.  Fine 
seeing  conditions  resulted  in  excellent 
spatial  resolution.  Definite  details  are 
seen  in  the  8870  A  region.  Deconvolution 
with  the  measured  instrument  profile 
should  yield  a  map  with  %  arc  sec  resolu- 
tion. 

Polarimetry 

Ingersoll  is  making  polarimetric  obser- 
vations of  planetary  atmospheres  at  visi- 
ble and  ultraviolet  wavelengths.  For 
Mars,  it  appears  that  Rayleigh  scattering 
by  C02  and  scattering  by  the  surface  can 
explain  most  of  the  observations;  a  pro- 
gram is  now  under  way  to  map  the  sur- 
face topography  and  aerosol  content  of 
the  Martian  atmosphere  using  polari- 
metric data.  For  Mercury,  scattering  by 
the  solid  surface  can  explain  all  of  the 
observations,  which  implies  surface  pres- 
sures for  N2  or  Ar  less  than  several  tenths 
of  1  mb.  For  Venus  and  Jupiter,  polari- 
metric data  indicate  differences  in  cloud 
properties,  and  an  attempt  is  being  made 
to  correlate  polarimetric  features  with 
other  atmospheric  structures. 

Moon 

Allen  made  a  5  /x  scan  of  the  totally 
eclipsed  moon  of  February  10,  1971,-  with 
the  60-inch  telescope  on  Mount  Wilson. 
The  intention  was  to  test  the  hypothesis 
that  the  thermal  anomalies,  or  "hot 
spots,"  which  are  well  documented  at 
10  fx,  are  caused  by  local  areas  rich  in 
boulders  or  exposed  rock.  If  they  are  not, 
none  should  have  been  seen  at  5/x.  Be- 
cause the  umbra  was  particularly  light, 
local  variations  of  the  reflected  sunlight 
were  recorded.  Nonetheless,  about  thirty 
of  the  more  intense  hot  spots  appeared 
on  the  scan. 


STELLAR     SPECTROSCOPY    AND     PHOTOMETRY 

Main- Sequence  Stars  galactic  clusters:  the  Hyades,  M67,  and 

Absolute  spectral-energy  distributions  NGC  188-  The  red  Part  of  the  spectrum, 
from  AA3300  to  11,000  are  being  obtained  fr°ni  AA6000  to  11,000,  will  be  used  to 
by  Oke  for  main-sequence  stars  in  three     derive  temperatures,  since  line  blanketing 
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is  small  here.  The  observations  in  the 
blue  spectral  range  will  be  used  to  de- 
termine the  actual  line  blanketing,  which 
should  make  it  possible  to  measure  small 
differences  in  the  equivalent  widths  of 
absorption  lines  among  the  various  clus- 
ters. This  should  solve  some  of  the  prob- 
lems related  to  metallicity.  So  far,  13 
Hyades  main-sequence  stars  from  V  = 
7.2  to  V  =  9.7,  i.e.,  B  —  V  from  0.55  to 
1.06,  have  been  measured.  Twelve  main- 
sequence  stars  in  M67  have  also  been  ob- 
served. They  range  from  V  =  12.6  to 
V  =  16.4  and  cover  the  same  range  in 
B  —  V  as  for  the  Hyades  above.  Obser- 
vations in  NGC  188  are  planned  for  the 
next  few  months. 

White  Dwarfs 

An  extensive  re-examination  of  the 
Einstein  gravitational  redshift  of  the 
white  dwarfs  has  been  carried  out  by 
Virginia  Trimble  (now  at  the  Institute  of 
Theoretical  Astronomy,  Cambridge)  and 
Greenstein.  Since  their  first  paper  in 
1967,  87  additional  spectrograms  of  74 
stars  have  been  obtained  and  measured. 
For  most,  the  intrinsic  radial  velocity  is 
unknown  and,  in  general,  only  statistical 
analysis  is  possible.  Six  stars  with  com- 
panions or  cluster  membership  have 
known  radial  velocity;  measurement  of 
10  spectra  of  these  6  stars  gives  a  value 
for  the  measured  Einstein  redshift  of 
+54  ±  9  km  sec-1.  Using  all  51  stars 
available  (including  those  of  Paper  I, 
Astrophys.  J.,  149,  283,  1967),  the  mean 
Einstein  gravitational  shift  is  +53  ±  6 
km  sec"1.  The  value  for  the  hydrogen- 
line  white  dwarfs  (spectral  type  DA)  is 
+57  ±  4  km  sec-1.  Thus  the  directly 
measured  redshifts  and  the  statistical 
values  agree  closely  in  suggesting  a  mean 
intrinsic  displacement,  due  to  gravity  and 
other  causes,  for  the  DA  stars  of  +57  km 
sec"1.  Traces  of  all  populations,  from 
young  Population  I  to  halo  Population  II, 
are  found  in  the  distribution  of  residual 
velocities  after  allowance  for  solar 
motion. 


The  main  problem  in  obtaining  the 
masses  for  these  stars,  for  which  observa- 
tion gives  only  the  ratio  M/R  =  87  (in 
solar  units) ,  is  the  estimation  of  the  radii. 
The  radius  depends  on  the  luminosity, 
which  may  be  known  for  a  few  stars  with 
directly  measured  parallaxes  or  which 
may  need  to  be  derived  from  statistical 
values  (membership  on  the  upper  or 
lower  sequences  of  Eggen  and  Green- 
stein). The  greatest  errors  arise  from 
the  uncertainty  of  the  mean  temperature, 
which  is  calibrated  in  our  work  by  the 
use  of  photoelectric  U  —  V  magnitudes. 
The  thesis  of  Shipman  had  shown  that 
the  temperature  scale  used  earlier  was  too 
cool.  If  we  use  Shipman's  temperature 
scale  for  the  DA  stars,  the  mean  Einstein 
shift  observed  is  consistent  with  the  sup- 
position that  the  stars  are  mainly  on  the 
upper  luminosity  sequence,  with  a  core 
composition  intermediate  between  He4  + 
C12  and  Fe56.  If  the  stars  were  all  on  the 
lower  sequence,  the  redshift  expected 
would  be  larger  than  that  observed.  When 
this  analysis  was  done  in  1967,  based  on 
a  temperature  scale  near  Weidemann's, 
no  solution  was  possible  for  stars  on  the 
upper  sequence,  and,  even  if  they  were 
all  on  the  lower  sequence,  the  redshift  ob- 
served was  too  large  for  the  He4  +  C12 
composition.  A  temperature  scale  be- 
tween Shipman's  and  Weidemann's  would 
give  quite  satisfactory  agreement  on  a 
statistical  basis  with  reasonable  mass- 
radius  relationships. 

The  interesting  discovery  of  laboratory 
pressure-shift  of  unknown  origin  in  hy- 
drogen by  Weise  and  Kelleher  of  the 
National  Bureau  of  Standards  suggests 
that  the  hydrogen  lines  may  be  pressure 
redshifted  by  up  to  7  km  sec"1.  If  we  cor- 
rect for  such  a  shift,  the  acceptable  al- 
ternative solutions  are  Weidemann's  tem- 
perature scale,  with  all  stars  on  the  lower 
sequence,  or  Shipman's  temperatures, 
with  stars  shared  equally  between  the  two 
sequences.  The  mean  mass,  with  Ship- 
man's  temperature  scale  and  most  stars 
on  the  upper  sequence,  lies  in  the  range 
0.7-0.9  9Tl0.   This  seems  somewhat  high, 
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compared  to  the  plausible  values  of 
masses  for  cores  of  horizontal-branch 
stars  of  Population  II,  but  is  otherwise 
acceptable. 

An  exciting  development  in  observation 
of  white  dwarfs  was  the  discovery  of  cir- 
cular polarization  by  Kemp;  Angel  and 
Landstreet  extended  the  measures,  and 
four  white  dwarfs  have  appreciable  cir- 
cular polarization.  Kemp's  theoretical 
interpretation  is  that  continuum  polariza- 
tion arises  from  magnetic  fields  near  4  X 
107  gauss  in  +70°8247.  Greenstein,  and 
Greenstein,  Gunn,  and  Kristian  have  ob- 
served in  detail  the  spectra  of  the  four 
white  dwarfs  with  circular  polarization. 
In  addition,  Greenstein,  Preston,  and 
Vaughan  have  made  a  detailed  study  of 
line  spectra  and  Zeeman  shift  of  lines  in 
4-70°8247.  This  work  is  still  in  progress; 
the  detailed  studies  have  only  led  to  fur- 
ther mysteries.  The  line  spectrum  of 
+70°8247,  first  observed  in  the  1930's  by 
Minkowski,  is  essentially  unchanged.  It 
shows  no  measurable  changes  in  line  posi- 
tion dependent  on  the  direction  of  circu- 
lar polarization.  The  A4135  band  is  sharp 
enough  so  that,  if  conventional  linear 
polarization  theory  could  be  applied,  the 
upper  limit  to  the  magnetic  fields  in  the 
line-forming  region  is  about  105  gauss. 
Obscure  small  changes  in  line  profile  and 
intensity  occur  between  the  two  senses  of 
circular  polarization  as  observed  on 
photographic  spectra.  From  these  changes, 
the  ratio  of  the  fluxes  in  two  senses  of 
circular  polarization  should  differ  in  nar- 
row-band photometry  on  a  wavelength 
scale  as  small  as  20  to  40  A.  Oddly 
enough,  two  opposite  assumptions  explain 
most  observed  features  of  this  star,  ac- 
cording to  Greenstein,  Preston,  and 
Vaughan.  Either  the  lines  are  mostly 
neutral  helium,  essentially  at  laboratory 
wavelengths,  with  A4135  due  possibly  to 
molecular  SiH,  or  almost  all  the  lines  are 
produced  by  quadratic  Zeeman  shift  in 
He  I  with  a  field  of  3.5  X  107  gauss.  A 
decision  between  these  two  hypotheses  is 
still  pending.  Attempts  to  observe  A10830 
of  neutral  helium  with  the  multichannel 


scanner  have  given  somewhat  contradic- 
tory results. 

The  spectrum  of  G  195-19  has  been  ob- 
served by  Greenstein,  Gunn,  and  Kris- 
tian, using  both  photographic  and  spec- 
trophotometric  scans.  A  few  broad  fea- 
tures of  at  most  5%  central  depth  exist, 
possibly  consistent  with  molecular  car- 
bon; in  addition,  a  very  broad  feature  a 
few  percent  deep  near  A4000  is  present, 
and  could  be  caused  by  extremely  broad- 
ened Ca  II.  Spectrophotometric  scans  of 
G99-37  confirm  that  it  has  molecular  car- 
bon and  CH  bands.  Thus,  three  of  the 
four  stars  with  circular  polarization  show 
elements  normally  rare  or  absent  in  white 
dwarfs;  presumably,  whatever  produces 
the  magnetic  fields  also  results  in  a  con- 
vection which  destroys  the  normal  hydro- 
gen-rich surface  composition. 

Greenstein's  research  for  further  white 
dwarfs  has  concentrated  on  discovery  of 
further  members  of  the  DC  class  among 
which  were  found  the  objects  with  the 
circular  polarization,  and  on  the  con- 
tinued search  for  faint  red  degenerate 
stars  (which  has  had  largely  negative 
results) . 

Greenstein,  Oke,  and  Shipman  have 
completed  a  study  of  the  white  dwarf 
Sirius  B.  The  data  consist  of  a  number  of 
spectrograms  taken  several  years  ago 
with  the  36-inch  camera  of  the  200-inch 
coude  spectrograph.  From  these  it  was 
possible  to  obtain  excellent  Ha  and  Hy 
line  profiles.  These  profiles,  when  used 
with  the  known  apparent  magnitude  and 
parallax,  yield  an  effective  temperature 
of  32,000°K  ±  1000°K,  log  g  =  8.65,  and 
R/RQ  =  0.0078  ±  0.002.  These  values 
place  Sirius  B  on  the  mass-radius  relation 
for  degenerate  configurations  of  helium. 
The  spectra,  with  Ha  and  H/?  almost 
completely  uncontaminated  by  light  of 
Sirius  A,  yield  a  gravitational  redshift  of 
89  ±  16  km  sec"1;  this  is  in  excellent 
agreement  with  that  predicted  from  the 
mass  and  radius. 

Shipman  has  completed  his  thesis, 
which  is  a  study  mainly  of  the  DA  and 
DB    white    dwarfs    for    which    absolute 
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spectral-energy  distributions  had  been 
measured  by  Oke.  The  multichannel  spec- 
trometer was  used  by  Shipman  to  obtain 
spectral-energy  distributions  of  several 
white  dwarfs  in  the  Hyades.  Using  model 
atmospheres,  Shipman  finds  the  following 
results:  DA  stars  range  in  effective  tem- 
perature from  6500°K  to  50,000°K;  DO 
stars  are  even  hotter  than  50,000°K;  DB 
stars  range  from  12,000°K  to  18,000°K. 
The  mean  radius  of  DA  stars  is  0.013  RQ, 
and  the  median  mass  is  0.58  9Tl0.  The 
DA  stars  contain  very  little  helium  and 
the  DB  stars  have  very  little  metal.  The 
cool  DC  stars  could  be  DB  stars  that 
have  cooled  off,  since  helium  lines  disap- 
pear at  11,000°K. 

Oke  is  preparing  for  publication  a  list 
of  absolute  spectral-energy  distributions 
for  more  than  30  white  dwarfs  of  all 
different  types. 

Red  Dwarf  Stars 

The  Mount  Wilson  spectrograms  of  402 
faint  dwarf  stars  showing  titanium-oxide 
bands  have  been  reviewed  and  classified 
for  spectral  type  and  absolute  magnitude 
by  A.  H.  Joy  in  a  post-retirement  study. 
These  nearby  red  stars  have  late  spectral 
types  and  extremely  low  luminosity. 
They  are  known  for  their  low  tempera- 
ture, small  size,  small  mass,  and  high 
density.  They  permit  an  important  ex- 
tension of  the  Hertzsprung-Russell  dia- 
gram. Considerable  differences  and  strik- 
ing peculiarities  have  been  found  in  their 
spectra.  The  spectral  types,  which  are 
based  on  the  strength  of  the  blue  tita- 
nium-oxide bands,  range  from  M0  to 
M6.5.  Few  later  than  M4.5  have  been 
recognized  and  observed.  Their  visual 
absolute  magnitudes  were  determined 
from  trigonometric  parallaxes  and  vary 
from  6.4  to  16.8. 

The  hydrogen  lines  and  H  and  K  of 
Ca  II  appear  in  emission  in  71  of  these 
stars ;  the  emission  lines  are  stronger  and 
more  frequent  in  stars  of  the  later  types. 
In  20  of  these,  typified  by  UV  Ceti, 
sudden  flares  in  brightness  with  remark- 


able spectral  changes  have  been  observed. 

The  stars  of  spectral  type  earlier  than 
dM2.5e,  such  as  YY  Geminorum,  form  a 
separate  group  of  double-line  spectro- 
graphic  binaries  of  short  period. 

A  few  of  the  dM  stars  show  the  char- 
acteristics of  subdwarfs  with  weak 
washed-out  metallic  lines,  high  radial 
velocities,  no  emission  lines,  and  no  flares. 

Halo  Stars 

Searle,  Sargent,  and  Baschek  have 
completed  an  abundance  analysis  of  the 
brightest  known  subdwarf  B  star,  AC+ 
9°6-12.  A  detailed  model  atmosphere 
analysis  shows  that  this  star  has  a  photo- 
sphere that  is  helium  deficient  by  a  fac- 
tor of  16,  while  C,  Mg,  Al,  Si,  and  S  are 
present  in  normal  abundance.  Nitrogen  is 
overabundant  by  a  factor  of  5,  and  oxy- 
gen is  underabundant  by  more  than  a 
factor  of  10.  It  is  the  first  sdB  star  for 
which  abundances  of  elements  other  than 
H  and  He  could  be  derived.  Possible 
physical  processes  that  could  lead  to  this 
remarkable  surface  composition  are  being 
studied.  But,  without  any  analysis,  the 
results  clearly  show  that  the  large  helium 
deficiencies  indicated  by  the  photospheric 
spectra  of  halo  stars  cannot  be  inter- 
preted as  evidence  for  a  low  primordial 
helium  abundance. 

Although  the  helium  deficiency  of  halo 
blue  stars  is  now  well  documented,  the 
belief  that  horizontal-branch  stars  in 
globular  clusters  are  helium  deficient 
until  recently  rested  on  Sargent's  obser- 
vation of  one  star,  S18  in  M15.  Sargent 
and  Searle  have  improved  this  situation 
by  observing  a  few  more  of  the  bluest 
stars  in  globular  clusters;  they  find  the 
helium  deficiency  to  be  general.  A  par- 
ticularly good  case  is  star  S-A360,  one  of 
the  bluest  horizontal-branch  stars  in 
M13,  with  V  =  17.2,  B  —  V  =  —0.21, 
and  U  —  B  =  0.71.  According  to  the 
calibration  of  horizontal-branch  tempera- 
tures by  Newell,  Rodgers  and  Searle,  this 
star  has  an  effective  temperature  of 
20,000°.    On  excellent  widened  spectro- 
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grams  at  50  A  mm  *,  no  trace  of  helium 
lines  is  found.  An  even  bluer  star  in  M13, 
S-A19,  with  V  =  17.2,  B  —  V  =  —0.30, 
and  U  —  B  =  —1.09,  is  found  to  be  a 
typical  helium-deficient  subdwarf  B  star. 
It  is  the  first  star  of  its  type  to  be  found 
in  a  globular  cluster. 

A  reanalysis  of  the  halo  B  stars  with 
somewhat  improved  higher-dispersion 
material  is  being  carried  out  by  Green- 
stein  and  Anneila  Sargent.  The  link  be- 
tween the  very  blue  horizontal-branch 
stars  and  the  later  type  B  and  A  stars 
found  in  globular  clusters  is  being  ex- 
plored in  detail.  The  most  interesting 
single  object  being  studied  by  Greenstein 
and  Preston  is  Feige  66,  which  has  sharp 
and  relatively  strong  lines  of  S  III  in  a 
hot  horizontal-branch  star  that  has  rela- 
tively weak  neutral  helium  lines. 

An  undergraduate  seminar  led  to  a 
study  of  the  somewhat  helium-rich  early 
B  star,  HD  60344.  The  star  has  unus- 
ually sharp  lines,  most  of  which  proved 
to  be  O  II  and  Fe  III,  in  addition  to  the 
strong  Si  III  and  He  I  lines. 

H g  Stars 

The  spectroscopic  survey  of  the  Hg 
stars  begun  by  Preston,  Vaughan,  White, 
and  J.  P.  Swings  has  led  to  the  discovery 
that  HR  6620  and  probably  <f>  Herculis 
are  spectroscopic  binaries.  The  frequency 
of  such  binaries  appears  to  be  signifi- 
cantly larger  among  the  Hg  stars  than 
among  the  other  peculiar  A  stars. 

A  search  for  previously  undetected 
lines,  especially  those  of  heavy  elements, 
has  been  made  in  the  spectra  of  a  few 
of  the  Hg  stars.  The  wavelengths  of  all 
visible  features  in  the  region  3800  <,  A 
^ 6200  A  have  been  measured  in  the  spec- 
tra of  HR  1800,  k  Cancri,  and  HR  7361. 
Pt  II  was  found  in  HR  1800,  adding  to 
the  number  of  Hg  stars  which  also  have 
Pt  II  lines  (M.  M.  Dworetsky,  1969, 
Astrophys.J.  [Letters]  ,156, L101).  Xell, 
which  had  been  found  previously  only  in 
k  Cnc  and  112  Herculis  (W.  P.  Bidelman 


1966,  Intern.  Astron.  Union  Symp.  No. 
26,  Abundance  Determinations  in  Stellar 
Spectra,  p.  229),  was  found  in  HR  7361, 
which,  like  k  Cnc  and  112  Her,  also  has 
strong  lines  of  Ga  II  and  P  II.  A  number 
of  lines  remain  unidentified  in  the  stars 
studied. 

Long-Period  Variables 

J.  P.  Swings,  in  collaboration  with  H. 
Nussbaumer  (Joint  Institute  of  Labora- 
tory Astrophysics,  Boulder,  Colorado), 
discussed  the  behavior  of  the  emission- 
line  intensities  of  Mn  I  and  [Mn  I]  in 
spectra  of  the  long-period  variable  x 
Cygni.  Departures  from  a  statistical 
distribution  of  the  metastable  levels  were 
detected  to  occur  in  Mn°  and  Fe+1,  as 
seen  from  the  relative  intensities  of  [Mn 
I]  and  [Fe  II]  lines  in  the  spectra  of 
several  Mira  variables  near  minimum 
light.  The  authors  also  give  arguments 
in  favor  of  a  chemically  stratified  atmos- 
phere for  long-period  variables.  This 
work  is  based  on  computations  of  mag- 
netic dipole  and  electric  quadrupole 
transition  probabilities  for  the  two  con- 
figurations 3d54s2  and  3d64s  of  Mn  I. 

Be  Stars 

J.  P.  Swings  has  started  a  detailed 
analysis  of  the  B2e  star  HD  45677  from 
high-dispersion  spectra  obtained  during 
the  winter  at  the  100-inch  coude  spectro- 
graph. Profiles  of  emission  lines  of  Fe  II 
(wide,  centrally  reversed)  and  [Fe  II] 
(sharp,  single)  are  being  analyzed. 

The  prominent  infrared  radiation  orig- 
inating in  a  circumstellar  shell  around 
HD  45677  is  discussed  by  D.  Allen  and 
J.  P.  Swings  (see  "Infrared  Photometry 
and  Spectroscopy,"  this  report). 

Stellar  Chromospheres 

Beginning  a  study  of  stellar  chromo- 
spheres with  the  100-inch  telescope, 
Pasachoff  observed  the  first  12  late-type 
stars  to  see  if  the  D3  line  of  He  I  at  A5876 
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is  present,  concentrating  on  stars  in  which 
A10830  triplet  helium  has  been  detected. 
Preliminary  analysis  does  not  reveal  the 
line. 

PasachofT  examined  plates  from  the 
files  of  0.  C.  Wilson  to  study  the  relative 
intensities  of  the  red  and  violet  peaks  of 
the  K  line  in  various  stars,  and  whether 
He  is  in  absorption  or  emission.  The  solar 
K  line  always  shows  a  mean  violet  shift 
of  the  emission  core,  but  both  red  and  blue 
average  asymmetries  are  detectable  in 
other  stars. 


PasachofT  discussed  the  application  of 
his  quantitative  reduction  of  fluctuations 
in  K-line  profiles  of  small  elements  on  the 
solar  surface  to  the  calibration  of  the 
Wilson-Bappu  effect  on  the  sun.  The 
solar  K2  peaks  show  fluctuations  with 
rms  deviations  of  0.04  A  around  their 
mean  positions.  His  solar  work  also  has 
shown  that  the  asymmetries  of  K-line 
profiles  need  not  reflect  actual  Doppler 
velocities,  but  result  from  a  preponder- 
ance of  brighter,  single  peaks  on  one  side 
of  the  line. 


VARIABLE    STARS 


Cepheid  Luminosities  as  a  Function 
of  Amplitude 

It  has  been  known  for  some  time  that 
certain  group  characteristics  of  Cepheids 
appear  to  differ  between  our  Galaxy  and 
the  Magellanic  Clouds.  These  are: 

1.  The  percentage  of  variables  of  given 
period:  SMC  contains  many  Cepheids 
with  periods  between  1.5  and  4  days, 
whereas  our  Galaxy  has  few. 

2.  Gascoigne  has  convincingly  shown 
that  B  —  V  colors  of  SMC  Cepheids  are 
bluer  than  those  in  the  Galaxy  by  about 
0.1  mag  for  periods  shorter  than  10  days. 

3.  The  amplitudes  of  the  short-period 
SMC  blue  Cepheids  reach  1.6  mag,  which 
is  much  larger  than  amplitudes  known 
for  stars  of  similar  period  in  the  Galaxy. 

Such  differences  have  been  disturbing 
in  the  past  because  they  tended  to  throw 
doubt  on  the  uniqueness  of  the  absolute 
magnitudes  of  Cepheids  from  galaxy  to 
galaxy.  If  such  striking  differences  in 
observed  parameters  exist,  why  should 
the  period-luminosity  relation  have  the 
same  zero  point? 

To  investigate  the  problem,  Sandage 
and  Tammann  analyzed  the  relative 
amplitude  of  Cepheid  light  variation  as  a 
function  of  position  in  the  instability 
strip.  They  showed  that  the  largest- 
amplitude  Cepheids  occur  at  the  blue 
edge   of   the   instability   strip,   and   the 


amplitudes  decrease  monotonically  as  the 
strip  is  sampled  toward  the  red  for  varia- 
bles in  the  period  interval  2d.5  <  P  < 
7d.5.  The  trend  is  reversed  for  Cepheids 
with  periods  20d  <  P  <  7d.5,  and  returns 
to  the  original  sense  when  P  >  20d.  The 
mapping  of  amplitude  with  strip  position, 
together  with  a  statement  that  the  evolu- 
tionary tracks  of  giant  stars  in  the  SMC 
penetrate  the  Cepheid  strip  more  deeply 
toward  the  blue  edge  as  they  cross  the 
H-R  diagram  for  the  second  time,  ap- 
pears to  explain  all  three  apparent 
anomalies.  Sandage  and  Tammann  de- 
rived a  period-luminosity-amplitude  re- 
lation that  is  equivalent  to,  but  a  differ- 
ent statement  of,  the  P-L-color  equation. 
Both  formulations  explain  the  scatter  of 
the  P-L  relation  as  intrinsic  and  due  to 
the  finite  width  of  the  instability  strip. 

With  the  elimination  of  systematic  dif- 
ferences between  Cepheids  in  the  Galaxy 
and  SMC  by  considering  the  amplitude 
effect,  Sandage  and  Tammann  believe 
there  is  now  no  evidence  in  conflict  with 
the  application  of  Cepheids  to  derive  dis- 
tances. 

New  distance  moduli  for  SMC,  LMC, 
and  M31  were  derived  by  using  the 
P-L- A  function.  Combining  these  results 
with  older  values  based  on  the  P-L-color 
function  gave  adopted  moduli  of 
(m  —  M)AB  =  18.91  for  LMC,  19.35  for 
SMC,  and  24.76  for  M31. 
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STELLAR     MAGNETIC     FIELDS 


Estimates  of  mean  surface  fields  Hs  for 
28  Ap  stars  of  the  Sr-Cr-Eu  class  with 
v  sin  i  ^  10  km  sec-1  have  been  obtained 
by  Preston  from  measurements  of  mag- 
netically resolved  or  broadened  absorp- 
tion lines.  The  fields  so  obtained  do  not 
appear  to  be  correlated  with  UBV  color 
indices,  Eu  II  line  strengths,  or  rotational 
velocities  inferred  from  periods  for  this 
group  of  stars.  The  frequency  distribu- 
tion of  Hs  is  characterized  by  a  maximum 
between  2  and  3  kilogauss  and  a  tail  that 
extends  well  beyond  10  kilogauss.  In- 
direct arguments  based  on  effective  mag- 
netic fields  suggest  that  mean  surface 
fields  may  increase  systematically  with 
rotational  velocity  above  10  km  sec"1,  but 
observational  bias  and  certain  selection 
effects  render  this  conclusion  suspect. 

Preston  obtained  a  period  of  12.45  days 
for  the  magnetic  and  spectrum  variations 
of  HD  24712,  one  of  the  coolest  Ap  stars 
known.  The  effective  field  oscillates  ap- 
proximately sinusoidally  between  +0.4 
and  +1.2  kilogauss.  Despite  the  absence 
of  a  polarity  reversal,  HD  24712  is  a  pro- 
nounced spectrum  variable,  the  outstand- 
ing elements  bemg  magnesium  and  the 
rare  earths.  La  II  lines  are  unusually 
strong  in  this  star's  spectrum  and  share 
the  variations  shown  by  the  rare  earths. 
All  elements  lighter  than  iron  vary  in 
phase  with  the  field.  The  radial  velocities 
of  strongly  spectrum-variable  elements 
do  not  vary  by  more  than  1  or  2  km  sec"1. 

A  period  of  3.88  days  has  been  derived 
for  52  Herculis  from  a  study  of  Ca  II 
K-line  strengths  measured  photoelec- 
trically  by  Richard  C.  Henry  (thesis, 
Princeton  University,  1966).  The  mag- 
netic field  varies  in  phase  with  the 
strength  of  the  K  line.  The  range  is  small 
(  +  1.4  to  +1.8  kilogauss)  and,  as  in  the 
case  of  HD  24712,  there  is  no  polarity  re- 
versal. No  spectrum  variation  has  been 
detected. 

Preston  points  out  that  in  view  of  the 
discovery  of  three  additional  periodic 
magnetic  stars  with  no  polarity  reversal 


(HD  24712,  52  Her,  and  78  Virginis), 
earlier  conclusions  about  the  orientation 
of  magnetic  axes  probably  should  be 
modified  (Astrophys.  J.,  150,  547,  1967). 
While  a  preponderance  of  magnetic  stars 
behave  as  if  their  magnetic  axes  lie  near 
their  rotational  equators,  a  modest  frac- 
tion may  have  magnetic  axes  more  nearly 
aligned  with  the  rotation  axis.  Intermedi- 
ate magnetic  inclinations  seem  to  be  rare. 
Clearly  this  matter  can  be  settled  only 
by  increasing  the  number  of  stars  with 
known  periods  and  magnetic  ranges. 

Marked  variations  in  the  mean  surface 
field  of  BD+29°4202  are  currently  under 
investigation.  The  field  varies  between  7 
and  13  kilogauss  in  a  provisional  period 
of  about  45  days.  Lines  of  Si  II,  Ti  II, 
and  probably  other  elements  vary  in 
phase  with  the  mean  surface  field,  as  in 
the  case  of  HD  126515  reported  last  year 
(Year  Book  69,  p.  87).  The  provisional 
period  of  this  star  would  indicate  a  very 
small  rotational  velocity  (<, 3  km  sec"1). 
It  was  omitted  from  a  recent  list  of  such 
objects  (Publ.  Astron.  Soc.  Pacific,  82, 
878,  1970)  because  at  the  time  of  prep- 
aration of  that  list  the  severe  Zeeman 
broadening  of  its  spectral  lines  was  not 
yet  recognized. 

Isotopic  components  of  the  line  Hg  II 
A3984  have  been  resolved  in  the  spectrum 
of  i  Coronae  Borealis.  The  isotopic  abun- 
dances inferred  from  the  complex  profile 
of  this  feature  differ  so  markedly  from 
those  of  the  earth  and  those  reported  for 
two  other  Hg  stars  (HR  4072  and  x  Lupi) 
by  Dworetsky,  Ross,  and  Aller  {Bull. 
Amer.  Astron.  Soc,  2,  311,  1970)  that  a 
spectroscopic  survey  of  all  known  Hg 
stars  has  been  undertaken.  This  work  is 
being  conducted  jointly  by  Preston, 
Vaughan,  White,  and  Swings.  Centroid 
wavelengths  are  being  determined  for 
A3984  from  4.5  A  mm-1  spectrograms  for 
many  stars,  while  high-resolution  profiles 
are  being  determined  for  a  few  of  the 
sharpest-lined  stars  with  the  aid  of 
Vaughan's    Fabry-Perot    interferometer. 
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A  surprising  initial  result  has  been  ob- 
tained. The  centroid  wavelength  of  A3984 
(and  hence  the  apparent  relative  abun- 
dance of  heavy  isotopes  of  Hg^  appears 
to  increase  with  declining  effective  tem- 
perature along  the  Hg  star  sequence  be- 
tween 10,000  and  15,000°K.  A  study  of 
other  abundance  anomalies  associated 
with  this  correlation  is  in  progress. 

The  discovery  of  circular  polarization 
in  the  white  dwarf  AC+70°8247  by 
Kemp,  Swedlund,  Landstreet,  and  Angel 
[Astrophys.  J.  (Letters),  161,  L77,  1970] 
prompted  a  re-examination  of  the  nature 
of  the  unidentified  absorption  features  re- 
ported by  Minkowski  in  1938.  A  more 
detailed  study  of  the  spectrum  by  Green- 
stein  and  Matthews  in  1957  disclosed  a 
number  of  other  features,  the  strongest 
of  which  are  centered  at  A3425  and  A3650. 
In  their  discovery  paper  Kemp  et  at. 
mentioned  that  the  A4135  and  A4470  fea- 
tures seen  by  Minkowski  might  be  due  to 
Balmer  lines  shifted  by  the  quadratic 
Zeeman  effect  in  the  field  of  107  gauss 
inferred  from  Kemp's  magnetoemissivity 
theory.  However,  the  fit  for  hydrogen  is 
poor,  and  it  fails  to  account  for  the  other 
features  found  by  Greenstein  and  Mat- 
thews. Preston  was  thus  led  to  consider 
He  I,  and  it  became  immediately  appar- 
ent that  the  four  strongest  unidentified 
features  could  be  interpreted  as  the  quad- 
ratically  shifted  ir  components  of  the 
strongest  violet  He  I  lines,  AA4922,  4471, 
and  4026  of  the  21P-n1D  and  23P-n3D 


series  in  a  field  of  3  X  107  gauss.  This 
result  led  to  the  immediate  prediction 
that  He  I  A5876  (23P-33D)  should  be 
present  shifted  shortward  by  < — '130  A, 
and  spectrograms  obtained  in  August 
1970  with  the  prime-focus  spectrograph 
of  the  200-inch  reflector  showed  clear  evi- 
dence of  a  distinct  (depth  — 0.2,  width 
^60  A)  feature  at  A5872  ±  2  A,  i.e., 
virtually  at  the  unshifted  position  of 
23P-33D,  A5876.  This  result  provides 
strong  evidence  that  He  I  is  present  in 
+70°8247,  but  does  not  confirm  the  inter- 
pretation of  the  absorption  features  in  the 
violet  region,  which  must  be  considered 
anew. 

Zeeman  spectrograms  of  +70°8247 
have  been  obtained  by  Greenstein,  Pres- 
ton, and  Vaughan  with  a  Babcock-type 
Zeeman  analyzer  designed  especially  for 
the  200-inch  prime-focus  spectrograph. 
No  large  longitudinal  Zeeman  effect  is 
evident  in  any  of  the  absorption  features, 
though  there  are  apparent  differences  in 
profile  between  the  right  and  left  circu- 
larly analyzed  spectra.  Study  of  the  star 
continues. 

Preston  has  found  that  the  lines  of  Sc 
II  are  abnormally  weak  in  the  spectrum 
of  HD  161227,  classified  as  F0  II  by 
E.  P.  Belserene.  He  has  also  reported 
that  VW  Eridani  is  a  weak-lined  high- 
velocity  (T7rad  =  -f-156  km  sec-1)  variable 
star  of  the  SRd  class,  similar  to  SX 
Herculis. 


INFRARED     PHOTOMETRY     AND     SPECTROSCOPY 


Infrared  OH  Sources 

The  study  by  Hyland,  Becklin,  Frogel, 
and  Neugebauer  of  the  infrared  stars  that 
also  show  1612  MHz  OH  line  emission 
has  been  completed.  The  infrared  proper- 
ties of  these  sources  can  be  summarized: 

1.  All  IR/OH  stars  appear  to  be  oxy- 
gen-rich Mira  stars  or  M  supergiants. 

2.  All  have  photospheric  temperatures 
near  T  =  2000°K. 

3.  Almost  all  show  large  excess  radia- 


tion at  5  and  10  /x,  which  can  be  explained 
in  terms  of  a  600  °K  dust  shell  surround- 
ing the  star. 

4.  Infrared  pumping  of  the  OH  appears 
to  be  possible  energetically,  and  there  is 
some  indication  of  a  correlation  between 
infrared  and  OH  variations. 

Observations  of  13  to  16  selected 
IR/OH  infrared  stars  are  being  continued 
by  P.  Harvey,  Becklin,  and  Neugebauer, 
using  the  Mount  Wilson  60-inch  telescope 
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in  an  attempt  to  find  a  correlation  be- 
tween variations  in  the  infrared  and  radio 
intensities.  For  one  source,  IRC+lOOi, 
observations  at  2.2  /x  and  1612  MHz  over 
the  past  three  years  indicate  some  corre- 
lation. A  least-squares  fit  of  the  observa- 
tions to  a  simple  sine  function  gives  a 
period  of  660  ±  60  days  for  both  infrared 
and  radio  observations ;  the  phases  of  the 
two  curves  agree  within  30  ±  60  days. 
The  amplitude  of  variations  at  2.2  /x  is  3 
times  larger  than  in  the  microwave  line. 
Two  sources  of  comparable  brightness, 
NML  Cygni  and  VY  Canis  Majoris,  show 
no  variations  within  the  errors  at  either 
infrared  or  radio  wavelengths.  The  pro- 
gram is  in  cooperation  with  K.  Beechis  of 
the  Harvard  College  Observatory. 

Extragalactic  Objects 

The  investigation  of  a  number  of  the 
fainter  Seyfert,  compact,  and  Markarian 
galaxies  is  being  extended  to  3.5  /x.  One 
main  objective  is  to  determine  how  com- 
mon are  the  apparent  infrared  excesses 
observed  in  the  brighter  Seyfert  galaxies. 
Generally,  the  faint  Seyferts  have  energy 
distributions  similar  to  those  of  the 
brighter  Seyferts,  although  galaxies  of 
this  type  appear  to  show  a  larger  range  of 
infrared  continua  than  do  the  quasi- 
stellar  sources.  The  data  will  be  combined 
with  the  visual  data  of  Oke  and  Sargent 
to  get  complete  continuum  energy  distri- 
butions with  a  view  to  specifying  the 
physical  properties  existing  in  the  nuclei. 

Monitoring  of  the  classical  Seyfert 
galaxies  in  the  infrared  has  been  con- 
tinued in  order  to  determine  if  they  vary 
in  the  near  infrared  wavelengths.  Over 
a  three-year  period,  evidence  has  been 
found  that  some  Seyferts  show  variability 
while  others  are  constant.  Several  of  the 
quasars  that  are  being  monitored  also 
show  strong  variability  in  the  infrared. 
In  particular,  3C446,  which  is  apparently 
one  of  the  intrinsically  brightest  quasars 
known,  has  been  observed  to  have  sig- 
nificant infrared  variability  on  a  two-day 


time  scale.  In  contrast,  3C273  and  3C48 
show  essentially  no  variability  on  the 
10%  level. 

Efforts  have  also  been  directed  toward 
the  study  of  the  spatial  dependence  of  the 
infrared  flux  of  several  galactic  nuclei. 
In  particular,  the  infrared  flux  of  NGC 
1068  has  been  shown  to  be  compatible 
with  a  model  having  a  central  nonthermal 
point  source  plus  an  extended  galactic 
region  with  a  normal  stellar-energy  dis- 
tribution. 

Radio  Galaxies 

The  second  major  extragalactic  pro- 
gram, carried  out  by  Becklin  and  Neuge- 
bauer  in  collaboration  with  J.  Danziger 
of  Harvard  College  Observatory,  is  to 
study  the  spectral  and,  to  some  extent,  the 
spatial  distributions  of  nuclei  of  radio 
galaxies,  with  the  particular  objective  of 
understanding  how  they  differ  from 
normal  galaxies.  Emphasis  this  past  year 
has  been  put  on  attempting  to  measure 
the  nuclei  of  radio  galaxies  at  3.5  /a.  To 
date,  approximately  24  galactic  nuclei 
have  been  observed  at  1.6,  2.2,  and  3.5  /x, 
while  an  additional  20  galaxies  have  been 
measured  only  at  1.6  /x  and  2.2  /x. 

Seven  of  the  galactic  nuclei  show  a 
measurable  excess  at  3.5  /x  over  that 
which  is  expected  if  the  energy  distribu- 
tions are  like  those  in  M31.  Two  of  the 
galaxies  are  seen  edge-on,  and  the  infra- 
red excess  probably  is  due  to  interstellar 
reddening  by  dust  within  the  observed 
galaxy.  For  both  of  these  galaxies,  a 
region  of  maximum  infrared  brightness 
has  been  located,  although  optically  no 
nuclear  condensation  is  visible.  For  the 
remaining  five  galaxies,  the  infrared  ex- 
cess is  from  1  to  2  mag,  and  could  be 
related  to  the  associated  small  radio 
source. 

For  the  approximately  40  radio  galaxies 
observed  at  1.6  and  2.2  /x,  the  average 
H-K  magnitudes  are  0.1  to  0.2  redder 
than  the  corresponding  color  index  ob- 
served in  the  nucleus  of  M31. 
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Maffei  I  and  II 

A  last  major  portion  of  the  study  of 
extragalactic  objects  concentrated  on  the 
nearby  highly  obscured  galaxies  Maffei  I 
and  II.  Extensive  spatial  observations 
on  both  have  been  done;  the  work  on  the 
former  has  already  been  published.  For 
the  latter,  the  infrared  data  seem  to  indi- 
cate almost  8  to  10  magnitudes  of  visual 
absorption;  these  data  are  now  being 
readied  for  publication  in  collaboration 
with  several  optical  astronomers. 

Angular  Diameter  of  IRC-\-10216 

A  major  effort  of  the  infrared  group 
has  been  the  attempt  to  measure  the 
diameters  of  several  galactic  infrared 
sources  by  means  of  lunar  occupations. 
In  November  1970  the  infrared  source 
IRC+10216  (Becklin  et  al,  Astrophys. 
J.  [Letters'],  158,  L133-L137,  1969)  was 
successfully  observed  by  Becklin, 
Toombs,  and  Westphal  using  the  200- 
inch,  60-inch,  and  24-inch  telescopes  at 
Palomar  Mountain  and  Mount  Wilson. 
Angular  measurements  of  the  source  were 
made  at  3.5,  5.0,  and  10  fx.  On  January  4, 
1971,  a  second  occupation  occurred,  and 
equipment  was  built  to  measure  it  simul- 
taneously with  five  telescopes  and  at  five 
different  wavelengths.  Unfortunately, 
weather  conditions  prohibited  opening  the 
domes  at  Mount  Wilson  and  Palomar. 
Good  data  were  obtained  at  2.2  /x  on  the 
Mt.  Hopkins  (Arizona)  60-inch  telescope 
of  the  Smithsonian  Institution.  Although 
the  data  are  still  being  reduced,  this  ob- 
ject appears  to  have  an  angular  diameter 
of  about  0.5  arc  sec,  which  is  consistent 
with  an  optically  thick  dust  shell  radiat- 
ing at  600°K.  This  is  probably  the  most 
direct  confirmation  of  the  existence  of 
infrared-emitting  dust  shells  that  has 
been  obtained.  Surprisingly,  moreover, 
about  20%  of  the  energy  at  all  wave- 
lengths appears  to  originate  from  a  region 
2  arc  sec  in  diameter. 

Sco  X-l 

A  program  to  study  the  variations  of 
Sco    X-l    at   both    infrared    and    visual 


wavelengths  has  been  carried  out  by 
Neugebauer,  Becklin,  G.  Garmire,  and 
Gunn.  Preliminary  reductions  of  data 
on  two  nights  indicate  that  the  infrared 
flux  varies  much  less  than  the  visual  out- 
put; on  both  nights  the  blue  magnitude 
changed  by  about  0.5  mag,  while  the  2.2  /x 
magnitude  varied  by  less  than  0.2. 

The  Orion  I  Association 

M.  V.  Penston  has  performed  nine-color 
photometry  from  0.3  to  3.4  /x  of  all  53 
stars  with  V  ^  12  mag  within  *4°  of  01 
Orionis.  Further,  he  searched  about  half 
this  area  for  visually  fainter  objects  with 
K  <,  8  mag,  finding  14  additional  stars. 
While  the  results  of  the  observations  are 
still  being  studied,  certain  preliminary 
results  can  be  reported. 

For  some  of  the  stars  studied,  spectral 
types  are  available  and,  together  with 
the  colors  B  —  V,  V  —  R,  and  R  —  I, 
lead  to  values  for  the  visual  absorption  in 
front  of  each  star.  While  values  for  Av 
scatter  from  0.2  to  4  mag  or  more,  when 
the  magnitudes  are  unreddened  it  is  seen 
that  the  stars  lie  on  a  main  sequence  with 
a  modulus  of  8m.5  and  a  turn-on  point  at 
Mv  ■ —  0m.50.  Stars  fainter  than  this  mag- 
nitude are  still  in  a  state  of  contraction 
and  lie  above  the  main  sequence.  Many 
of  the  stars  show  infrared  excesses  at  2.2 
and  3.4  tt.  No  star  earlier  than  B9  has  an 
excess  at  2.2  ^,  although  there  is  consid- 
erable absorption  in  some  cases.  Presum- 
ably reradiation  from  the  dust  shells 
around  hot  stars  occurs  at  longer  wave- 
lengths. There  is  a  good  correlation  of 
the  color  H  —  K  with  the  amplitude  of 
the  optical  variability,  but  none  with  the 
visual  absorption. 

Highly  Reddened  Stars 

In  his  study  of  the  Orion  I  association, 
M.  V.  Penston  found  two  very  red  stars 
with  B  —  V  < — '3  mag,  but  with  only 
small  infrared  colors  (i.e.,  H  —  K  < — ' 
0m.4) .  Multichannel  scans  showed  one  to 
be  an  M-type  star  absorbed  by  about  5 
mag,  while  the  other  shows  a  featureless 
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but  very  red  continuum  and  is  probably 
an  early-type  star  behind  about  10  mag 
of  visual  absorption.  Similarly,  highly 
reddened  stars  are  known  in  the  other 
young  associations,  Sco  OB  I  and  Cyg  II, 
implying  that  this  may  be  a  common 
phenomenon  during  star  formation. 
Studies  of  these  stars  are  under  way  to 
elucidate  this  problem. 

Becklin's  Star 

M.  V.  Penston,  Allen,  and  Hyland  have 
revived  the  notion  that  the  infrared  point 
source  in  the  Orion  nebula,  commonly 
known  as  Becklin's  star,  may  be  an  ex- 
tremely highly  reddened  normal  star. 
The  absence  of  absorption  bands  of  CO 
in  the  infrared  spectrum  indicates  a  spec- 
tral type  late  G  or  earlier,  and  hence  at 
least  80  mag  of  visual  absorption.  This 
high  absorption  is  predicted  by  observers 
of  the  molecular  cloud  at  the  same  posi- 
tion. The  great  advantage  of  this  interpre- 
tation of  Becklin's  star  is  that  the  longer- 
wavelength  nebula  discovered  by  Klein- 
mann  and  Low  can  be  explained  as  the 
re-emission  of  the  absorbed  radiation 
from  the  reddened  star. 

T  Tauri  Stars 

M.  V.  Penston  has  photometered  a 
number  of  T  Tauri  and  RW  Aurigae-type 
variables  at  1.6,  2.2,  and  8.4  fx.  Nearly 
all  show  infrared  excesses.  It  is  intended 
to  compare  the  photometric  and  spectro- 
scopic properties  of  these  stars. 

Image-Tube  Spectroscopy 

Zirin  has  continued  spectroscopy  of 
stars  in  the  1.08  /x  region.  A  new  image 
tube  was  purchased  with  a  grant  from 
the  Alfred  P.  Sloan  Foundation ;  this  tube 
has  fiber  optic  output  and  is  about  4 
times  faster  than  the  tube  earlier  used. 
In  addition,  it  has  high  resolution.  For 
the  first  time,  two  stars,  e  Leonis  and  6 
Herculis,  have  shown  a  complete  cycle  in 
the  intensity  of  A10830  He  I.  In  1968  c 
Leonis  showed  A10830  in  absorption.  The 


line  disappeared  in  1970  but  returned  in 
1971.  In  the  case  of  0  Her,  emission  was 
observed  in  1968;  it  disappeared  in  1970 
and  reappeared  in  1971. 

Infrared  Sources  in  H  II  Regions 

The  Mount  Wilson  60-inch  was  used 
by  Allen  to  search  for  sources  at  2  ^  in 
several  H  II  regions.  Red  or  reddened 
stars  with  an  H  —  K  color  index  ^1  mag 
were  recorded  in  NGC  1788,  NGC  1931, 
M78,  and  NGC  2264.  A  very  cool  source 
(, — £00  K)  was  also  discovered  in  the 
southern  part  of  NGC  2264,  near  a  small 
knot  of  nebulosity  but  associated  with  no 
stellar  object  brighter  than  magnitude  22. 

Early -Type  Shell  Stars 

A  program  to  look  for  infrared  emission 
from  dust  in  clouds  around  early-type 
shell  stars  was  begun  by  Allen.  About 
20%  of  the  stars  examined  to  date  exhibit 
infrared  excesses  characterized  by  black- 
body  temperatures  from  800°  to  1600°K. 
These  are  attributed  to  circumstellar 
dust.  Many  show  excess  radiation  more 
typical  of  free-free  emission  from  the 
ionized  gas  surrounding  them,  but  it  is 
not  in  all  cases  easy  to  distinguish  be- 
tween a  free-free  continuum  and  very 
weak  dust  emission.  Of  the  bright  shell 
stars,  the  most  extreme  infrared  example 
is  HD  45677,  studied  in  detail  by  Swings 
and  Allen. 

Infrared  Sky  Noise  Survey 

Westphal,  Neugebauer,  and  Leighton 
are  conducting  a  10  /x  sky  noise  survey  at 
nine  sites  in  the  United  States,  Mexico, 
and  Chile.  The  survey  records  on  a  con- 
tinuous basis  the  difference  in  the  10  /x 
flux  from  two  spots  in  the  sky  separated 
by  10  arc-min.  The  variation  of  this 
difference  in  the  period  range  from  1.0  to 
100  sec  is  then  smoothed  and  recorded. 
Each  system  is  calibrated  against  a  black 
body  every  six  hours  so  that  absolute 
comparisons   can   be  made.    Recordings 
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will  be  made  for  one  year  at  each  site 
and  the  reduced  data  made  available  to 
interested      investigators.       Precipitable 


water  measurements,  using  a  spectral 
hygrometer  designed  by  Fred  Gillett,  are 
also  being  tabulated  at  each  site. 


GLOBULAR     CLUSTERS 


Gaps  in  the  Giant  Branch  of  MS 

It  was  reported  in  Year  Book  67  (p. 
27)  that  Sandage,  Katem,  and  Kristian 
had  found  statistically  significant  gaps  in 
the  giant  branch  of  the  color-magnitude 
diagram  for  M15.  The  data  were  from 
Katem's  measurements  of  ten  photo- 
graphic plates  in  each  color.  The  result 
implied  that  the  rate  of  evolution  of  a 
given  star  as  it  brightens  toward  the  tip 
of  the  giant  branch  is  not  uniform.  Such 
a  result  was  unexpected  because  there  is 
nothing  to  suggest  such  behavior  in  the 
current  theory  of  uniformly  evolving 
giant  stellar  models.  Confirmation  of  the 
observation  was  much  desired. 

To  test  for  the  effect  in  other  clusters, 
Sandage  and  Katem  began  a  similar  pro- 
gram in  1968,  observing  the  rich  cluster 
M3  with  the  100-inch  telescope.  Katem 
reduced  five  plates  in  each  color.  The 
plates  were  measured  with  the  improved 
iris  photometer,  automated  by  the  Astro- 
electronics  Laboratory.  From  the  com- 
puter reduction,  Clardy  devised  averag- 
ing and  plotting  programs  by  means  of 
which  the  color-magnitude  diagram  was 
automatically  produced. 

Gaps  appear  in  the  M3  diagrams  that 
are  similar  to  those  in  M15.  The  corre- 
spondence is  remarkably  close.  All  three 
gaps  previously  suggested  in  M15  are 
present  in  M3  at  very  nearly  the  same 
positions.  These  gaps  are:  a  narrow  one 
that  is  0.2  mag  fainter  in  V  than  the  hori- 
zontal branch;  a  broad  well-defined  one 
0.9  mag  brighter  than  the  horizontal 
branch ;  and  a  very  clean  break  near  the 
top  of  the  giant  branch,  2.0  mag  brighter 
in  V  than  the  horizontal  branch. 

The  comparison  is  even  more  signifi- 
cant because  M3  and  M15  differ  by  about 
a  factor  of  10  in  metal  abundance.  To 
test  further  the  insensitivity  of  gap  posi- 


tion to  metal  abundance,  a  similar  proj- 
ect on  the  metal-rich  globular  cluster  47 
Tucanae  was  carried  through  by  Sandage 
in  a  preliminary  way  in  Australia  in  1969. 
The  measurements  suffer  from  several 
defects,  leaving  the  result  suspect.  Never- 
theless, the  diagram  for  47  Tuc  that 
Vincent  Ford  of  the  Mount  Stromlo 
computing  staff  produced  from  these 
measurements  again  shows  all  three  gaps, 
located  as  in  M3  and  M15.  To  settle  the 
question,  Sandage  and  Katem  began 
measurement  of  the  47  Tuc  plates.  These 
and  plates  of  the  populous  cluster  w 
Centauri  were  obtained  by  Sandage  with 
the  40-inch  reflector  at  Siding  Spring  Ob- 
servatory, Australia,  during  his  1968-69 
expedition.  Results  for  these  two  south- 
ern clusters  will  provide  about  four  times 
the  data  now  available  from  M3  and 
M15.  If  the  gaps  are  thus  confirmed,  the 
theory  of  evolving  giant  models  may  need 
modification. 

Stellar  Velocities 

Gunn  and  R.  F.  Griffin  of  Cambridge, 
England,  have  constructed  a  cross-corre- 
lation radial-velocity  machine  for  use  at 
the  200-inch  coude.  The  machine  is  a 
rapid-scan  device  that  matches  a  tem- 
plate to  the  optical  spectrum  of  a  star. 
Preliminary  results  are  in  accord  with 
expectations;  namely,  that  radial  veloc- 
ities accurate  to  about  1  km  sec-1  for  K 
giants  at  V  c^  13  can  be  obtained  in  about 
ten  minutes  in  reasonable  seeing,  and  in 
superb  seeing  substantially  better  results 
should  be  obtainable. 

During  the  initial  observing  run  of  two 
nights,  27  stellar  radial  velocities  were 
measured  in  the  cluster  M67  and  47  in 
M13.  Preliminary  estimates  of  the  stand- 
ard error  of  a  single  observation,  based  on 
only  five  stars  observed  in  each  cluster  on 
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both  nights,  are  0.5  km  sec"1  in  M67  and 
rather  worse  than  1  km  sec"1  in  M13.  The 
results  show  a  significant  velocity  disper- 
sion in  each  cluster  and  a  rotation  of 
M13.  This  is  believed  to  be  the  first  oc- 
casion upon  which  it  has  been  possible  to 


study  the  internal  motions  of  a  star 
cluster  on  the  basis  of  radial  velocities 
whose  errors  are  small  compared  with  the 
velocity  dispersion  being  observed.  Similar 
studies  of  more  metal-poor  clusters  like 
M92  are  planned. 


INTERSTELLAR    GAS    AND     GASEOUS    NEBULAE 


Supernova  Remnants 

Searle  has  observed  photometrically 
the  spectra  of  a  number  of  filaments  in 
the  Cygnus  Loop,  obtaining  records  cov- 
ering the  range  AA3200-11888.  The  spec- 
tra of  these  shock-excited  interstellar 
gases  are  being  compared  with  the  spec- 
tra of  galactic  nuclei,  which  they  some- 
what resemble.  One  problem  that  is  being 
studied  concerns  the  relative  strengths  of 
the  helium  and  hydrogen  recombination 
lines.  In  the  Cygnus  Loop  filaments,  de- 
spite the  generally  high  level  of  excitation 
and  the  presence  of  emission  lines  of  He 
II,  the  He  I  lines  are  remarkably  weak 
with  respect  to  those  of  H  I.  This  phe- 
nomenon is  of  considerable  interest  be- 
cause it  also  occurs  in  a  number  of  lumi- 
nous galactic  nuclei  and  also  in  quasars, 
where  it  has  led  to  the  suggestion  that 
these  objects  have  low  helium  abundance. 
For  the  Cygnus  Loop  filaments  an  alter- 
native explanation  is  being  studied, 
namely,  that  the  recombining  and  cooling 
gas  behind  the  shock  is  subject  to  a 
photoionizing  flux  from  the  cooling  radia- 
tions of  the  hot  shocked  gas.  The  main 
cooling  radiations  expected  are  the  long- 
est wavelength  resonance  lines  of  0  III 
and  0  IV,  and  these,  though  energetic 
enough  to  ionize  hydrogen,  cannot  ionize 
helium.  A  preliminary  analysis  indicates 
that  this  effect  can  account  quantitatively 
for  the  enhancement  of  the  Balmer  re- 
combination lines  with  respect  to  those  of 
He  I. 

In  a  related  program  Searle  has  ob- 
tained photoelectric  measurements  of 
emission-line  strengths  from  filaments  in 
the  Cassiopeia  A  supernova  remnant  to 
supplement     van     den     Bergh's     recent 


studies  of  this  object.  A  first  result  is  an 
unambiguous  determination  of  the  red- 
dening of  Cas  A,  which  until  now  was 
quite  uncertain  and  affected  all  attempts 
to  interpret  the  spectrum.  A  value  of 
E(B  -  V)  =  1.43,  Av  =  4.3  is  obtained 
from  the  ratio  of  auroral  to  transauroral 
transitions  in  [S  II] . 

Diffuse  Absorption  Features 

With  the  18-inch  camera  of  the  Palo- 
mar  coude  spectrograph,  Munch  began  to 
gather  new  observational  data  related  to 
the  unidentified  interstellar  diffuse  ab- 
sorption features  in  highly  reddened  stars. 
Wavelengths  and  relative  intensities  of 
some  30  such  features  have  been  provi- 
sionally measured  in  the  spectra  of  highly 
reddened  stars  in  the  Northern  Milky 
Way.  Some  of  these  features  have  been 
previously  studied  by  Herbig  and  more 
recently  by  York  {Astrophys.  «/.,  166, 
65,  1971).  Notwithstanding  the  difficul- 
ties involved  in  measuring  photographic- 
ally absorption  lines  as  weak  as  these,  it 
appears  that  the  relative  strength  and 
perhaps  the  wavelength  of  various  fea- 
tures is  not  the  same  in  all  stars.  Further 
work  along  these  lines  is  being  planned. 

Interstellar  Molecules 

White  has  prepared  for  publication  the 
results  of  his  doctoral  dissertation  on 
rai!?ative  transfer  in  the  microwave  and 
millimeter  lines  of  interstellar  formalde- 
hyde (H2CO).  He  has  also  begun  an 
analysis  of  the  observations  of  other 
molecules  recently  discovered  at  milli- 
meter wavelengths,  particularly  CO,  in 
the  light  of  the  results  of  H2CO.   It  ap- 


HALE     OBSERVATORIES 


413 


pears  that  the  densities  of  the  molecular 
clouds  and  the  projected  densities  of  CO 
may  have  been  overestimated  in  some 
cases. 

White  has  also  begun  a  search  for  op- 
tical interstellar  lines  of  H2CO  at  A  — 
3500  A  in  the  spectra  of  heavily  reddened 
B-type  stars.  The  results  to  date  have 
been  negative.  He  is  also  studying  the 
interstellar  lines  in  the  spectra  of  the 
Pleiades,  using  the  plates  of  W.  S.  Adams 
and  new  plates  taken  at  the  100-inch 
coude  at  a  dispersion  of  1.9  A  mm"1. 

Gaseous  Nebulae 

Foukal  has  used  an  S-l  image  tube  on 
the  Mount  Wilson  60-inch  telescope  to 
photograph  galactic  H  II  regions,  with  a 
20  A  filter  to  isolate  the  [S  III]  line  at 
A9532.8.  Several  excellent  exposures  of 
M17  and  the  Hourglass  condensation  in 
M8  have  been  obtained.  He  plans  to  do 
a  survey  of  the  brightest  diffuse  nebulae 
in  this  strong  line,  which  has  much  better 
dust  penetration  than  H«.  The  results 
will  be  compared  with  exposures  in  Ha 
to  derive  information  on  the  distribution 
of  ionized  gas  and  temperature  in  these 
nebulae.  The  new  S-l  tube  is  consider- 
ably faster  and  may  permit  exposures  of 
galaxies  in  the  airglow  window  at  A10500. 

The  electrostatic  image  tube  at  the 
18-inch  camera  of  the  Palomar  coude 
was  used  by  Greenstein  to  obtain  a  sur- 
vey of  the  spectra  of  NGC  7027  and  of 
the  Orion  nebula.  Mrs.  Lesley  A.  Morgan 
(now  at  the  University  of  London) 
measured  and  identified  the  lines  in  Orion 
in  the  region  AA4959-8665.  Eight  per- 
mitted neutral  oxygen  lines  were  found 
whose  intensities  were  too  strong  to  be 
accounted  for  by  simple  recombination. 
The  resonance  with  possible  ultraviolet 
lines  must  involve  more  than  the  single 
coincidence  with  Lyman-/?  which  Bowen 
discovered.  The  line  of  [CI  IV]  at  A7531 
was  seen  for  the  first  time,  but  the  abun- 
dance of  Cl+++  is  low  compared  to  that  of 
Cl++;  the  result  is  that  the  total  number 


of  chlorine  atoms  is  0.8  percent  that  of 
the  number  of  doubly  ionized  oxygen, 
indicating  a  rather  low  abundance  of 
chlorine. 

Planetary  Nebulae 

A  study  by  Persson  of  the  He  I  AA5876, 
7065,  and  10830  emission  lines  in  plane- 
tary nebulae  has  been  completed  as  a 
doctoral  thesis.  Interference  filter  and 
multichannel  spectrometric  measure- 
ments indicate  that  the  character  of  the 
He  I  emission  is  related  in  a  complicated 
fashion  to  nebular  structural  features  and 
to  the  presence  of  internal  dust.  The 
depopulation  rates  of  the  23S  metastable 
level  derived  theoretically  and  observa- 
tionally  agree  for  some  objects,  but 
the  disagreements  found  for  other 
objects  follow  the  trends  established 
earlier  by  Capriotti  (Astrophys.  J.,  150, 
95,  1967).  The  rates  inferred  from  ob- 
served line-intensity  ratios  and  homo- 
geneous dust-free  models  for  the  A7065 
emission  are  smaller  than  the  theoretical 
rates,  but  the  rates  derived  from  A10830 
measurements  are  larger  than  theory  pre- 
dicts. These  discrepancies  have  been  ex- 
plained by  Persson  {Astrophys.  J.  [Let- 
ters], 161,  L57,  1970)  in  terms  of  the 
absorption  by  internal  dust  particles  of 
resonance-like  trapped  A10830  radiation. 
It  has  been  suggested  also  that  the  exist- 
ence of  dust  within  the  nebulae  plays  a 
role  in  the  emission  of  [O  I]  lines  and  in 
the  formation  and  maintenance  of  fila- 
mentary and  toroidal  structures,  follow- 
ing ejection  of  the  nebular  matter  by  the 
progenitor  stars  (probably  M-type) .  The 
infrared  excess  emission  measured  in 
some  planetary  nebulae,  novae,  and  M 
stars  provides  support  for  this  hypothesis. 
Correlations  of  the  23S  deactivation-rate 
discrepancies  with  various  nebular  pa- 
rameters are  suggestive,  but  not  conclu- 
sive, due  to  the  uncertainties  that  enter 
the  calculations.  The  interpretation  of 
the  anomalous  Bowen  fluorescence  effi- 
ciency in  some  planetaries  has  also  been 
shown  to  involve  the  essential  features  of 
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the  He  I  problem,  and  correlations  of  the 
fluorescence  efficiency  with  nebular  pa- 


rameters exhibit  the  same  trends  as  do 
those  of  He  I. 


PULSARS 


On  the  basis  of  the  data  in  hand,  it  is 
now  generally  believed  that  pulsars  are 
rotating  neutron  stars  and  that  the  pulses 
are  due  to  beamed  "hot  spots"  on  their 
surfaces,  which  are  seen  by  us  as  the 
objects  sweep  by  in  a  lighthouse  effect. 
There  is,  however,  a  large  and  growing 
body  of  observational  data  which  re- 
mains uncorrelated  and  unexplained,  and 
the  emission  mechanism  for  the  pulses 
themselves  is  not  at  all  understood.  Even 
as  basic  a  question  as  the  location  of  the 
emitting  regions,  whether  at  the  surface 
of  the  star,  on  the  velocity  of  light  circle, 
or  at  some  intermediate  region,  has  not 
been  answered. 

The  only  known  optical  pulsar,  that  in 
the  Crab  Nebula,  remains  remarkably 
constant  in  all  details  of  its  very  complex 
emission,  including  pulse  shape,  polariza- 
tion, energy  distribution,  and  intensity. 
The  intensity  is  constant  with  different 
degrees  of  accuracy  on  various  time 
scales:  successive  pulses,  a  factor  of  2-3; 
1  to  10  minutes,  5% ;  several  hours  to  1 
month,  %%;  2  years,  10%;  year-to-year 
since  1920,  35%  (less  than  1%  per  year- 
long term).  This  constancy  is  remarkable 
since  it  requires  maintenance  of  an  ob- 
viously complex  system  of  magnetic  fields 
and  energetic  particle  fluxes  to  a  high 
degree  of  accuracy.  It  is  also  in  sharp 
contrast  to  the  emission  at  radio  fre- 
quencies, where  intensity  changes  are  ob- 
served on  several  time  scales,  including 
occasional  "super  pulses"  that  are  3 
orders  of  magnitude  larger  than  the  aver- 
age. These  are  definitely  not  present 
optically.  As  was  pointed  out  very  early 
by  Gold,  however,  the  very  high  bright- 
ness temperature  of  the  radio  emission 


requires  that  it  be  highly  coherent,  so  that 
changes  in  the  degree  of  coherence  might 
cause  intensity  fluctuations.  If  the  radia- 
tion at  optical  and  higher  frequencies  is 
coherent,  the  different  secular  behavior 
might  be  understood. 

Kristian  has  searched  for  optical  coun- 
terparts of  15  radio  pulsars,  about  one 
third  of  those  known.  Limits  for  the  ab- 
solute energy  output  of  these  range  from 
one  tenth  to  one  millionth  that  of  the 
Crab  pulsar.  The  total  rate  of  energy  loss 
of  pulsars,  of  which  the  pulsed  radiation 
is  only  a  small  part,  varies  as  the  4th 
power  of  the  rotation  frequency,  and  it 
has  been  suggested  that  the  optical  pulsed 
radiation  scales  in  the  same  way.  Three 
of  the  sources  examined  by  Kristian, 
however,  have  limits  of  1%  or  less  of  the 
intensity  expected  in  this  model,  which 
therefore  appears  to  be  untenable.  An- 
other model,  by  Pacini,  supposes  that  the 
radiation  is  basically  synchrotron  radia- 
tion occurring  near  the  velocity  of  light 
cylinder,  and  because  of  the  decrease  in 
the  strength  of  the  magnetic  field  as  this 
moves  out  with  decreasing  rotational 
velocity,  it  predicts  that  the  radiation 
should  decrease  as  the  10th  power  of  the 
rotational  frequency  or  faster.  On  this 
model,  the  Vela  pulsar  should  be  optically 
detectable  at  about  25th  magnitude, 
which  is  not  much  fainter  than  Kristian's 
present  limit  of  24.5.  If  the  model  is  cor- 
rent,  therefore,  it  should  soon  be  possible 
to  detect  the  Vela  pulsar,  and  if  the  in- 
tensity decrease  is  even  faster,  it  should 
soon  be  detectable  in  the  Crab  pulsar, 
which  is  being  monitored  by  Kristian  at 
the  %%  level. 


X-RAY    SOURCES 

A  new  era  in  X-ray  astronomy  began  in  of  Kenya  with  an  instrument  payload  de- 
December  1970  with  the  launching  of  the  signed  and  operated  by  the  American 
Explorer  satellite  Uhuru  from  the  coast     Science  and  Engineering  Corporation  of 
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Cambridge,  Mass.  This  satellite  provides  optical  and  X-ray  regions  of  the  spec- 
an  opportunity  for  sustained  and  re-  trum;  reduction  of  the  satellite  data  is 
peated  observations  of  X  rays  from  any  not  yet  complete.  A  continuation  of  these 
point  in  the  sky,  with  sensitivity  and  simultaneous  observations  of  Cyg  X-2  is 
positional  accuracy  several  orders  of  planned  for  the  1971  observing  season  in 
magnitude  better  than  previous  experi-  order  to  obtain  a  longer  time  base  and  to 
ments.  Preliminary  data  have  already  increase  the  available  data  on  this  object, 
given  some  startling  information,  includ-  It  is  expected  that  Uhuru  will  event- 
ing the  discovery  of  at  least  one  period-  ually  provide  X-ray  positions  sufficiently 
ically  pulsating  X-ray  source,  several  accurate  for  new  optical  identifications, 
extragalactic  sources,  and  possible  X-ray-  One  of  the  best  positions  so  far  is  within 
emitting  "black  holes."  an  area  of  10  sq  arc-min  for  the  source 

A  program  of  optical  observations  in  Cyg  X-l,  but  no  convincing  optical  candi- 
conj  unction  with  the  satellite  has  been  date  has  yet  been  found.  The  optically 
undertaken  by  Kristian,  Sandage,  and  identified  galactic  sources  are  Sco  X-l 
Brucato.  Prior  to  the  satellite  launch  and  and  Cyg  X-2  (which  have  a  strong  ultra- 
in  preparation  for  it,  a  two-color  (UV  violet  excess  and  are  variable),  the  pulsar 
and  B)  photographic  survey  of  the  Milky  in  the  Crab  Nebula,  and  several  super- 
Way  was  completed  with  the  48-inch  nova  remnants.  There  appear  to  be  no 
schmidt  telescope.  Examination  of  the  similar  objects  at  the  position  of  Cyg 
plates  revealed  a  surprising  number  of  X-l,  and  this  lack  of  candidates  may 
ultraviolet-bright  objects  at  low  galactic  indicate  the  presence  of  an  entirely  dif- 
latitudes,  and  a  separate  program  to  in-  ferent  class  of  source.  Measurements  of 
vestigate  their  nature  was  started.  the  low-energy  cutoff  in  the  X-ray  spec- 

A  number  of  observations  of  Sco  X-l  trum  of  Cyg  X-l  give  an  upper  limit  of 

were  made,   synchronized  with  satellite  1  kpc  for  its  distance,  and  optical  meas- 

observations,    with    rocket-borne    X-ray  urements    at   these    Observatories    show 

measurements  by  groups  at  Caltech  and  that  less  than  2  mag  of  visual  absorption 

the  Massachusetts  Institute  of  Technol-  are  expected  at  this  distance.  None  of  the 

ogy,    and   with   radio   measurements    at  stars  in  the  field  has  a  large  ultraviolet 

Green  Bank,  Owens  Valley,  and  in  Can-  excess,  nor  have  any  been  found  to  vary, 

ad  a.  Because  of  the  very  complex  nature  although  the  X-ray  source  is  variable  on 

of  the  radiation  from  this  object,  and  its  time   scales    from   months   to   tenths   of 

wide  variability  at  all  wavelengths,  such  seconds.   Furthermore,  there  is  no  nebu- 

simultaneous  observations  appear  to  offer  losity,  as  would  be  expected  from  a  super- 

the  best  hope  for  understanding  the  emis-  nova  remnant,  to  a  limit  about  50  times 

sion  mechanism.  Preliminary  analysis  of  fainter  than  the  Crab  Nebula.    This  dis 

X-ray  data  suggests  that  the  X-ray  in-  similarity     with     known     sources     was 

tensity  was  correlated  with  the  optical  strengthened  by  the  recent  discovery,  by 

change.  C.  M.  Wade  at  Green  Bank,  of  a  radio 

Two  weeks  after  the  launch  of  Uhuru,  source  within  the  X-ray  position-error 

the  first  coordinated  ground-based  obser-  box.  The  radio  position  is  quite  accurate, 

vations  were  attempted.  The  satellite  ob-  and  the  only  optical  objects  near  it  are  a 

served  Cyg  X-2,  which  was  simultane-  BO  supergiant  and  a  red  star  which,  from 

ously  monitored  with  the  multichannel  the  colors,  may  be  a  late-type  dwarf,  at 

spectrometer  at  the  200-inch  by  Kristian,  a   distance   of   a    few    hundred   parsecs. 

and  with  the  broad-band  photometer  at  Kristian  has  examined  both  these  stars, 

the  100-inch  by  Brucato.  The  source  was  which  are  found  to  be  constant  on  short 

optically  quiet  during  this  particular  run  time  scales   (100  msec).    More  detailed 

although  it  is  known  to  vary  in  both  the  investigation  must  be  made  of  these  ob- 
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jects,  but  there  is  nothing  strikingly  un- 
usual about  them  and  they  are  not  similar 
to  known  X-ray  sources.  If  the  X-ray 
source  and  the  radio  source  are  one  and 
the  same,  as  seems  highly  likely,  then  it 
is  already  quite  clear  that  it  is  an  exam- 


ple of  a  new  type  of  object,  which  may 
even  be,  as  has  been  suggested,  a  "black 
hole";  i.e.,  a  star  at  the  end-point  of  its 
evolution  that  has  exhausted  its  energy 
sources  and  is  collapsing  into  its  own 
Schwarzschild  radius. 


SUPERNOVAE 


Discovery 


Kowal,  under  the  supervision  of  Sar- 
gent, has  continued  the  supernova  search 
program.  Twenty-one  supernovae  were 
discovered  at  Palomar  during  the  period 
of  this  report;  12  of  these  were  found  by 
Zwicky  on  plates  of  the  Palomar  Sky 
Survey,  while  8  were  found  by  Kowal 
during  the  monthly  supernova  search.  In 
addition  to  these,  a  variable  star  in  NGC 
2403— called  V12  by  Tammann  and  Sand- 
age  (Astrophys.  J.,  151,  825,  1968) — may 
have  been,  according  to  Zwicky,  a  super- 
nova of  the  7]  Carinae  type.  With  a  dis- 
tance modulus  estimated  at  m  —  M  = 
27.6,  it  reached  an  absolute  magnitude  of 
Afpg  =  —11.6  in  October  1954.  About 
40  bright  Sc  galaxies  are  now  being  moni- 
tored by  Kowal  at  the  18-inch  schmidt 
telescope  in  order  to  test  Tammann's 
hypothesis  (Astron.  Astrophys.,  8,  458, 
1970)  of  a  very  high  frequency  of  super- 
novae  in  such  galaxies.  No  supernovae 
have  yet  been  found  in  this  search.  (An- 
other common  nova  in  M33  was  found  by 
Kowal  in  October  1970  during  a  search 
for  supernovae  in  that  field;  this  is  the 
second  discovered  in  M33  in  the  past  two 
years.) 

Supernova  in  M101 

The  spectrum  of  the  Type  II  supernova 
M101,  1970,  has  been  studied  photoelec- 
trically  with  the  multichannel  spectrom- 
eter. The  first  observations  were  obtained 
by  Oke  on  August  5,  1970,  about  a  week 
after  maximum  light.  A  month  later,  on 
September  7  and  8,  further  spectra  were 
obtained  by  Searle,  and  another  observa- 
tion was  made  by  Penston  on  April  15, 
1971.  Kirschner  is  collaborating  with  the 


observers  in  interpreting  these  spectra. 
A  week  after  maximum  the  continuous 
energy  distribution  of  the  supernova  re- 
sembled that  of  a  black  body  at  — 9000°. 
A  month  later  the  energy  distribution  had 
drastically  changed  and  then  resembled  a 
black  body  of  temperature . — 5000°.  This 
change  occurred  while  the  object  re- 
mained at  roughly  constant  bolometric 
magnitude.  Between  September  1970  and 
April  1971  there  was  no  significant  change 
in  energy  distribution,  while  bolometric- 
ally  the  object  declined  by  approximately 
5  mag.  At  the  early  phases,  most  of  the 
features  in  the  line  spectrum  appear  to 
arise  from  resonance  scattering  in  an  ex- 
panding cool  shell.  By  April  1971  strong 
lines  of  [O  I]  and  [N  I]  (not  previously 
recorded  in  supernova  spectra)  had  ap- 
peared. 

The  light  curve  for  the  M101  super- 
nova has  been  obtained  in  both  B  and  V 
with  an  extensive  series  of  48-inch 
schmidt  plates  spanning  the  interval 
August  1970-June  1971.  This  work  has 
been  carried  out  by  J.  Bahcall,  Kowal, 
Sandage,  and  G.  Tammann  using  a  photo- 
electric sequence  obtained  by  Sandage 
with  the  200-inch  telescope.  The  light 
curve  flattened  out  from  the  familiar 
Type  II  exponential  after  five  or  six 
months  and  remained  surprisingly  bright 
through  the  last  observation  in  June  1971. 

The  1961  Supernova  in  NGC  1058 

The  slow  supernova  of  1961  in  NGC 
1058  was  studied  by  David  Branch  and 
Greenstein.  The  apparent  width  of  lines 
was  near  2000  km  sec"1 ;  the  problem  of 
identification  was  much  simpler  than  in 
most  supernovae.    The  light  curve  was 
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unusual  in  that  the  star  was  visible  from 
1937  to  1960,  with  almost  as  much  energy- 
emitted  before  the  1961  outburst  as  dur- 
ing it.  Most  features  in  the  blue  region 
of  the  spectrum  are  an  approximately 
equal  mixture  of  emission  and  P-Cygni 
absorption ;  with  time,  change  in  the  ratio 
of  absorption  to  emission-produced  wave- 
lengths shifts.  Expected  relative  intensi- 
ties of  hydrogen,  neutral  helium,  and  ion- 
ized metals  could  all  be  entered  in  a 
computing  machine  memory.  For  various 
abundances,  and  for  various  hypotheses 
as  to  the  relative  strength  of  emission  in 
the  ionized  region  and  absorption  in  the 
surrounding  neutral  region,  machine  com- 
putation gave  the  total  flux  and  the  in- 
tensity of  continuum,  absorption,  and 
emission  lines.  After  a  relatively  small 
number  of  trials,  it  was  found  that  the 
many-lined  complex  spectrum  could  best 
be  matched  with  a  normal  mixture  of  the 
ionized  metals,  with  hydrogen  and  helium 
added,  and  with  the  helium-to-hydrogen 
ratio  about  four  times  normal.  It  is  pos- 
sible that  the  total  abundance  of  the  ion- 
ized metals  was  greater  than  normal  with 
respect  to  helium,  and  almost  certainly  so 
with  respect  to  hydrogen.  At  the  epoch 
of  the  light  curve  studied  in  most  detail, 
the  ionized  region  was  5  X  1015  centi- 
meters in  radius,  the  electron  density 
about  108  cm"3,  and  the  kinetic  energy  of 
the  ionized  hydrogen  3  X  1048  ergs.  No 
forbidden  lines  appeared  up  to  more  than 
a  year  after  the  outburst.  The  total  mass 


of  the  emitting  and  absorbing  clouds  is 
about  0.5  2flftG.  The  central  ionized  region 
is  optically  thick,  and  we  have  no  knowl- 
edge about  the  mass  interior  to  it  and 
only  approximate  knowledge  about  the 
outer,  neutral-hydrogen  region.  The 
total  luminosity  of  this  object  is  perhaps 
slightly  less  than  that  in  Type  I  super- 
novae.  Its  long  duration  before  the  out- 
burst, and  its  brightness  for  nearly  a 
year,  suggest  that  this  type  of  supernova 
(which  Zwicky  calls  Type  V)  is  related 
to,  but  appreciably  brighter  than,  rj 
Carinae.  The  lack  of  forbidden  lines  200 
days  after  the  outburst  indicates  an 
enormous  object  with  a  rapidly  ex- 
panding photosphere,  inside  an  ionized 
region,  with  an  outer  neutral  region. 
The  energy  is  similar  to  that  in  a  super- 
nova outburst,  but  the  event  may  have 
occurred  inside  a  rather  dense  gas  cloud. 
It  would  be  interesting  to  follow  this 
object,  or  similar  ones,  in  the  infrared  to 
see  whether  dust  plays  any  role.  The  fact 
that  the  velocities  are  relatively  low, 
near  2000  km  sec"1,  unlike  more  violent 
supernovae,  did  not  inhibit  the  object 
from  having  an  optical  luminosity  of 
2  X  1050  ergs  in  the  1961  outburst  and 
about  1050  ergs  in  the  pre-outburst  phase. 
The  fact  that  the  abundances  are  essen- 
tially normal,  except  for  the  high  ratio  of 
helium  to  hydrogen,  is  consistent  with  the 
view  that  we  see  essentially  only  the 
outer  parts  of  a  massive  star. 


GALAXIES    AND     COSMOLOGY 


The  Hubble  Constant  Redetermined 

The  Hubble  constant  measures  the  rate 
at  which  the  universe  expands.  It  is  the 
fundamental  number  that  sets  the  size  of 
the  universe  by  relating  distances  of  re- 
mote galaxies  to  redshift.  It  is  also  re- 
lated to  the  age  of  the  last  creation  event 
at  the  time  when  the  universe  emerged 
from  its  big-bang  singularity  and  de- 
veloped into  what  we  now  observe. 

In  1936  Hubble  determined  the  ratio 
between  redshift  and  distance  to  be  536 


km  sec"1  per  million  parsecs — a  value 
which,  in  the  absence  of  deceleration  (i.e., 
the  self-gravitational  brake  of  the  uni- 
verse on  itself) ,  gave  the  age  of  creation 
to  be  1.8  billion  years.  This  was  consider- 
ably smaller  than  the  age  of  the  crustal 
rocks  of  the  earth  known  even  at  that 
time,  resulting  in  the  famous  time-scale 
discrepancy. 

It  was  shown  by  Baade  in  1952  that 
Hubble's  distance  scale  among  local 
galaxies  was  in  error  by  about  a  factor  of 


418  CARNEGIE     INSTITUTION 

2,  but  the  distance-scale  correction  be-  beyond  any  possible  local  anisotropy  of 
yond  the  Local  Group  was  unknown.  the  uniform  Hubble  expansion;  (8)  corn- 
Long-term  programs  to  refine  Hubble's  bining  redshifts  and  apparent  magnitudes 
1936  distance  scale  were  begun  when  the  of  these  field  spirals  with  the  (Mpg)  of 
200-inch  telescope  went  into  operation  in  step  (6)  to  obtain  the  Hubble  constant. 
1949.  Parts  of  the  recalibration  program  All  steps  of  this  procedure  were  finished 
have  been  reported  in  previous  Year  by  Sandage  and  Tammann  during  the 
Books  as  they  were  completed.  These  report  year.  Part  of  the  calibration  of 
have  included  recalibration  of  the  Ce-  the  H  II  regions  was  reported  last  year 
pheid  variable  absolute  magnitudes;  dis-  (Year  Book  69,  p.  93).  The  major  new 
tance  to  the  NGC  2403  group,  which  is  data  obtained  during  the  interval  October 
the  nearest  galaxian  clustering  beyond  1970  to  April  1971  were  redshifts  of  the 
the  Local  Group;  calibration  of  linear  faint  Sc  I  galaxies,  obtained  using  the 
sizes  of  H  II  regions;  and  absolute  mag-  image-tube  spectrograph  with  the  Car- 
nitudes  of  brightest  stars.  negie  image  tube  at  the  Cassegrain  focus 
This  year  Sandage  and  Tammann  fin-  of  the  200-inch.  The  spirals  have  much 
ished  a  preliminary  analysis  of  the  final  lower  surface  brightness  than  centers  of 
steps  and  applied  the  new  calibrations  to  E  galaxies,  and  the  spectra  were  rela- 
remote  field  galaxies  of  the  specific  classi-  tively  difficult  to  obtain  because  of  the 
fication  Sc  I.  From  a  series  of  eight  steps,  night-sky  contribution.  Statistical  devia- 
they  have  obtained  a  new  value  of  the  tions  of  the  order  ±40  km  sec"1  were 
Hubble  constant  by  extending  calibration  obtained,  which  is  negligible  compared 
of  distance  indicators  step-wise  from  with  systematic  velocities  that  were  in 
nearby  trigonometric  parallax  stars  (for  the  range  4000  km  sec"1  <  v  <  22,000 
the  age-zero  main  sequence)  to  distances  km  sec"1.  About  70%  of  the  new  Sc  I  data 
of  galaxies  with  redshifts  of  , — 10,000  km  refer  to  spirals  in  the  south  polar  cap  (22h 
sec"1.  The  steps  include  (1)  calibration  to  3h,  0°  to  15°),  with  the  remainder  in 
of  the  peraod-luminosity-color  (and/or  the  north  (10h  to  13h,  10°  to  60°).  All 
amplitude)  relation  of  classical  Cepheids  galaxies  in  the  sample  have  galactic  lati- 
in  our  Galaxy;  (2)  testing  the  constancy  tude  larger  than  |  b  |  =  50°. 
of  the  Cepheid  relation  among  galaxies  in  The  redshift-apparent-magnitude  dia- 
the  Local  Group;  (3)  determination  of  gram  for  the  new  Sc  I  galaxies  is  very 
the  distance  to  galaxies  in  the  NGC  2403  well  defined,  giving  a{Mvg)  cr:  0.5  mag. 
and  M101  groups  from  their  Cepheids,  or  The  mean  line  through  the  data  with 
from  indicators  calibrated  by  Cepheids;  15,000  >  v  >  3500,  correcting  for  the 
(4)  calibration  of  linear  sizes  of  H  II  Malmquist  selection  effect,  gives,  when 
regions  in  this  nearby  precision-sample  as  combined  with  the  calibration  of  (Mpg) 
a  function  of  luminosity  class  among  Sc  =  —21.2  for  Sc  I  from  step  (6),  H  =  53 
and  Ir  systems;  (5)  measurement  of  ±  5  km  sec"1  Mpc"1.  Sandage  and  Tarn- 
angular  sizes  of  H  II  regions  in  50  Sc  field  mann  believe  that  the  older  upper  limit 
galaxies  of  known  luminosity  class  closer  of  H  =  75  km  sec"1  Mpc"1  obtained  by 
than  m  —  M  ~  31,  from  100-inch  and  Sandage  in  1958  and  1968  is  excluded  by 
200-inch  telescope  Ha  plates,  to  obtain  their  new  data,  and  that  H  >  75  is  out 
individual  distances;  (6)  combining  steps  of  the  question  unless  gross  errors  are 
(4)  and  (5)  to  obtain  mean  integrated  present  in  the  calibration  of  the  P-L-C 
intrinsic  luminosities  (Mvg)  for  the  var-  relation  for  Cepheid  variables.  They  be- 
ious  luminosity  classes  from  Sc  I  to  Ir  V;  lieve  such  a  contingency  to  be  unlikely  in 
(7)  selection  and  measurement  of  red-  view  of  the  independent  confirmation  of 
shifts  for  a  new  sample  of  70  distant  Sc  I  the  Cepheid  luminosities  (to  within  ±0.3 
galaxies  between  16  >  B  >  13  so  as  to  be  mag)   by  comparing  the  distance  to  the 
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Large  Magellanic  Cloud  obtained  from 
Cepheids  [(m  —  M)AB  —  18.91]  and 
from  RR  Lyrae  stars.  John  Graham's 
remarkable  study  of  RR  Lyrae  stars  in 
LMC  from  Cerro  Tololo  shows  {B^  en 
19.25,  which  when  combined  with  (MB) 
=  +0.6  gives  (m  —  M)  AB  =  18.65  for 
LMC.  These  values  differ  by  only  0.26 
mag,  or  only  13%  in  distance,  with  no 
evidence  that  the  difference  is  in  the 
classical  Cepheids. 

The  value  H  =  53  is  smaller  by  a  fac- 
tor of  10  than  Hubble's  1936  scale.  All 
distances  to  galaxies  beyond  m  —  M  2^ 
30  are  increased  by  this  value,  and  the 
Hubble  time  is  increased  to  18  billion 
years.  The  time  since  the  big-bang  crea- 
tion event  (the  Friedmann  time)  is 
shorter  than  this  by  an  amount  depending 
on  the  deceleration.  Although  consider- 
able progress  was  made  this  year  on  the 
current  program  to  find  qo,  no  final  solu- 
tion was  available  by  June,  1971.  Pre- 
liminary data  reduction  suggested  that 
0.5  <  q  ^  1,  giving  a  Friedmann  time 
ranging  from  0.57  Ho'1  to  0.68  Ho'1,  or 
11  X  109  <  TF  <  15  X  109  years.  Sand- 
age  believes  that  this  range  agrees  so  well 
with  the  age  of  the  oldest  stars  thus  far 
dated  in  our  Galaxy  (reported  last  year 
as  13  X  109  years)  as  to  give  considerable 
support  to  the  Friedmann  big-bang  model 
of  the  universe.  The  time-scale  test  has 
usually  been  considered  one  of  the  several 
crucial  comparisons. 

Redshifts  of  Southern  Galaxies 

Measurement  and  reduction  to  redshift 
of  260  spectrograms  for  215  southern 
galaxies  taken  in  1968-69  by  Sandage 
with  the  Carnegie  Image-Tube  Spectro- 
graph at  Mount  Stromlo  were  completed 
by  Sylvia  Burd,  Louise  Lowen,  and  Sand- 
age.  Mean  errors  per  plate  average  r^ 
±40  km  sec"1.  The  program  galaxies  are 
mostly  ellipticals  in  groups  and  clusters 
whose  brightest  members  are  listed  in  the 
Shapley-Ames  catalog.  The  redshifts, 
when  combined  with  the  as  yet  unreduced 
UBVR  photometry,  should  provide  data 


to  map  the  suspected  anisotropy  of  the 
local  expansion  field  and  to  calibrate  the 
absolute  magnitude  (to  within  a  zero- 
point  correction  related  to  the  Hubble 
constant)  of  the  brightest  group  and 
cluster  ellipticals  as  a  function  of  group 
population.  Such  calibration  of  the  Scott 
selection  effect  should  be  known  before 
the  deceleration  parameter  can  be  prop- 
erly determined. 

The  redshift  measurements  have  shown 
that  several  excellent  clusters  exist  in  the 
south  in  the  range  between  1500  km  sec"1 
and  6000  km  sec"1.  These  will  provide  a 
convenient  bridge  between  the  Coma  and 
Virgo  clusters  in  the  redshift-magnitude 
diagram,  a  range  devoid  of  good  clusters 
in  the  north.  Particularly  good  clusters 
occur  in  Centaurus  and  Hydra  (previ- 
ously known  as  Hydra  II).  Many  red- 
shifts  have  been  obtained  in  both  clusters. 

Spectral-Energy  Distribution 

To  study  the  evolution  of  galaxies  it  is 
necessary  to  compare  the  spectral-energy 
distribution  for  a  distant  galaxy  with  that 
for  a  nearby  representative  galaxy.  Since 
with  a  large  telescope  one  looks  at  a  large 
fraction  of  a  distant  galaxy  in  the  spec- 
trometer aperture,  it  is  desirable  to  meas- 
ure nearby  galaxies  also  with  an  aperture 
which  contains  most  of  the  galaxy.  This 
is  necessary  because  the  color  of  the 
nucleus  of  a  galaxy  differs  from  that  for 
the  total  galaxy.  Schild  and  Oke  have 
used  the  4-inch  telescope  and  prime- 
focus  scanner  to  measure  energy  distribu- 
tions of  the  integrated  light  from  nearby 
giant  elliptical  galaxies,  such  as  M87  and 
NGC  4472.  Shortward  of  A4000,  energy 
distribution  of  the  nucleus  is  relatively 
fainter  than  that  of  the  integrated  light 
by  about  0.3  mag.  Longward  of  A4000, 
the  differences  are  relatively  small.  K- 
corrections  for  B,  V,  and  Rs  colors  have 
been  calculated  for  redshifts  z  up  to  0.28, 
using  the  mean  measured  energy  distribu- 
tion of  the  integrated  light  from  these 
nearby  galaxies.    The  predicted  B  —  V 
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colors  agree  with  observations  of  Sandage 
within  the  accuracy  of  the  data. 

The  multichannel  spectrometer  is  being 
used  by  Oke  to  obtain  absolute  spectral- 
energy  distributions  for  galaxies  in  clus- 
ters. Galaxies  in  a  substantial  number  of 
clusters  with  z  ^  0.20  have  been  observed, 
including  a  galaxy  in  the  Hydra  cluster 
(0855+9321).  One  galaxy  in  the  cluster 
(0024+1654)  has  been  observed,  and  also 
the  radio  galaxy  3C295.  By  comparing 
the  measured  energy  distribution  with  that 
of  a  nearby  galaxy  (Fig.  1),  it  is  possible 
to  determine  both  redshifts  and  evolution- 
ary effects.  The  Hydra  cluster  galaxy 
and  3C295  (absorption  lines  primarily) 
give  z  =  0.20  ±  0.01  and  0.46  ±  0.01, 
respectively,  in  agreement  with  previous 
work.  The  result  for  the  cluster  (0024+ 
1654)  is  z  =  0.38  ±  0.01.  The  energy 
distributions  for  all  of  these  galaxies  show 
no  evidence,  within  the  accuracy  of  the 
data,  for  any  evolution  during  the  previ- 
ous 3  to  6  billion  years.  There  is  some 
evidence  that  in  3C295  the  energy  distri- 


bution is  relatively  flat  from  A2350  to 
A2800 ;  observations  by  OAO-2  of  nearby 
galaxies  show  a  similar  trend. 

Absolute  spectral-energy  distributions 
have  been  obtained  by  Oke  for  a  selection 
of  peculiar  galaxies.  The  objects  observed 
include  12  Markarian  galaxies,  14  Zwicky 
compact  galaxies,  and  16  N-type  and 
radio  galaxies.  These  various  types  of 
galaxies  have  been  selected  on  the  basis  of 
quite  different  properties.  All,  however, 
are  extended  objects  and  hence  almost 
certainly  must  contain  appreciable  num- 
bers of  stars. 

By  combining  a  standard  galaxy  spec- 
tral-energy distribution  with  various  non- 
thermal power-law  spectra,  it  is  possible 
to  estimate  the  contribution  from  each; 
in  particular,  it  is  possible  to  estimate 
whether  stellar  absorption  features  such 
as  the  H  and  K  lines  of  Ca  II  should  be 
seen.  If  the  observed  spectral  index  a  is 
between  —2.1  and  —2.7  (normal  galaxy) , 
the  H  and  K  lines  should  normally  be 
seen.   This  is  observed  to  be  so.   If  a  > 
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Fig.  1.  The  absolute  spectral  energy  distribution  for  3C295.  Standard  deviation  bars  are  shown 
if  they  are  larger  than  0.10  mag.  The  redshifted  energy  distribution  for  the  integrated  light  from 
nearby  giant  elliptical  galaxies  is  shown  by  the  solid  line.  V  marks  the  center  of  the  V  filter  band 
in  the  UBV  system. 
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—  1.5,  the  H  and  K  lines  will  not  be  seen. 
All  quasars  fall  in  this  category.  For  a 
between  —1.5  and  —2.1,  the  H  and  K 
lines  may  sometimes  appear,  depending 
on  the  accuracy  of  that  data,  emission- 
line  strengths,  etc.  Two  of  the  objects 
observed  have  flat  spectra ;  they  are  prob- 
ably giant  H  II  regions  containing  hot 
stars. 

Many  of  the  radio  galaxies  that  have 
been  observed  have  spectral-energy  dis- 
tributions that  are  essentially  like  those 
of  normal  galaxies,  but  with  the  addition 
of  a  few  emission  lines  such  as  H«,  A5007 
of  [0  III] ,  and  A3727  of  [0  II] .  Occa- 
sionally no  emission  lines  are  seen.  Other 
radio  galaxies  and,  in  particular,  some  of 
the  N-type  galaxies  such  as  3C120  and 
3C390.3  appear  to  have  strong  non- 
thermal radiation  as  well  as  very  strong 
and  broad  emission  lines. 

Radio  Galaxy  Redshifts 

Schmidt  has  obtained  redshifts  for 
three  radio  galaxies  identified  in  the  3CR 
catalog.  The  galaxies  3C300  (redshift 
0.272)  and  3C332  (redshift  0.151)  show 
emission  lines  in  their  spectra.  The  gal- 
axy 3C403.1  has  absorption  lines  only,  at 
a  redshift  of  0.056. 

Radio  Galaxy  Source  Counts 

The  classical  work  of  the  Cambridge 
radio  astronomers  has  established  radio 
source  counts  N(S)  over  a  large  range  of 
flux  density  S.  The  slope  of  the  N(S) 
curve  is  steep  at  large  values  of  S  and 
gradually  gets  smaller  toward  the  faint 
end.  Schmidt  finds  that  the  steep  slope 
of  N(S)  at  the  bright  end  cannot  be  due 
to  quasars  exclusively  (see  "Quasi-stellar 
Objects,"  this  report) .  Hence  the  remain- 
ing component  among  the  radio  sources, 
assumed  to  be  radio  galaxies,  must  ex- 
hibit a  steep  slope  of  N(S),  too.  This 
phenomenon  is  interpreted  as  an  effect  of 
evolution. 

Schmidt  is  attempting  to  construct  a 
simple  evolutionary  scheme  that  may  be 


used  as  a  model  for  radio  galaxy  evolu- 
tion. An  interesting  constraint  is  im- 
posed by  the  fact  that  all  nearby  strong 
radio  galaxies  are  giant  elliptical  galaxies. 
In  fact,  the  radio  galaxies  make  up  5% 
of  the  elliptical  galaxies.  On  the  reason- 
able assumption  that  giant  elliptical 
galaxies  have  lifetimes  of  at  least  1010 
years,  the  number  density  of  radio  gal- 
axies in  the  past  cannot  have  been  more 
than  20  times  that  at  present.  This  is  in 
strong  contrast  to  the  quasars,  for  which 
evolutionary  models  show  increases  (to- 
ward the  past)  by  factors  of  103  or  104. 
Use  of  this  constraint  allows  the  con- 
struction of  evolutionary  models  for  radio 
galaxies  that  yield  an  N  (S)  that  is  quite 
similar  to  that  observed  for  radio  sources 
in  general. 

Radio  Source  Identifications 

Kristian  and  Sandage  with  the  assist- 
ance of  Katem  are  engaged  in  a  program 
of  optical  identification  of  radio  sources, 
in  particular  the  identification  of  all 
sources  in  the  3CR  catalog  to  the  limit  of 
the  200-inch.  Recent  catalogs  of  radio 
positions  with  accuracy  of  the  order  of 
one  arc  second,  including  those  from 
Green  Bank,  Cambridge,  and  the  Royal 
Radar  Establishment,  have  made  possible 
near-certain  identifications  on  the  basis 
of  position  agreement  alone.  The  succes.s 
in  making  new  identifications,  including 
fields  empty  to  the  Sky  Survey  limit,  has 
been  good,  and  these  include  several  new 
faint  clusters  of  galaxies  near  the  200- 
inch  limit.  The  discovery  of  such  clus- 
ters was  one  of  the  aims  for  this  program, 
since  they  will  be  needed  for  an  eventual 
determination  of  the  cosmological  decel- 
eration parameter. 

New  identifications  are  being  followed 
up  spectroscopically,  photoelectrically, 
and  spectrophotometrically.  The  pro- 
gram when  complete  should  provide  in- 
creased information  on  luminosity  func- 
tions, evolutionary  effects,  and  cosmolog- 
ical effects  for  radio  galaxies  and  quasars. 

A   complementary  program   has   been 
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started  by  Kristian  in  the  5C  fields. 
These  are  surveys  in  limited  areas  to 
fainter  radio  luminosities.  The  first  phase 
consists  of  identifications  and  multicolor 
photometry  to  the  48-inch  limit,  to  be 
followed  by  an  extension  to  the  200-inch 
limit. 

Redshifts  of  Clusters  of  Galaxies 

Kristian  is  continuing  a  long-term  pro- 
gram of  spectrophotometry  of  galaxies 
in  clusters,  aimed  at  the  determination  of 
the  cosmological  deceleration  parameter, 
q0.  Distances  are  determined  from  the 
redshift  of  the  entire  energy  distribution, 
a  technique  first  used  by  Baum  and  more 
recently  by  Oke.  This  is  the  only  method 
currently  available  for  measuring  red- 
shifts  of  objects  too  faint  for  conventional 
spectroscopy,  and  it  is  precisely  these 
faint  objects  that  will  be  most  important 
for  the  final  resolution  of  the  cosmolog- 
ical problem.  Measurements  of  clusters 
with  spectroscopically  determined  red- 
shifts  and  rich  Abell  clusters  in  the  range 
z  <  0.35  demonstrate  the  feasibility  of 
the  technique,  which  is  rapidly  being  ex- 
tended to  clusters  near  the  200-inch  limit. 
The  intensity  limit  is  set  only  by  discov- 
ery of  suitable  clusters  and  by  sufficient 
integration  time,  but  clusters  within 
usable  range  of  the  200-inch  limit  are 
measurable  with  integration  times  of  the 
order  of  one  night. 

Clusters  of  Galaxies 

Gunn  and  Sargent  continued  their  spec- 
troscopic redshift  determinations  in  clus- 
ters of  galaxies.  Redshifts  were  obtained 
for  15  galaxies  in  the  Pegasus  II  cluster, 
for  35  galaxies  in  the  Perseus  cluster,  and 
for  about  25  galaxies  in  the  Coma  cluster. 
The  Coma  program  will  ultimately  in- 
volve the  determination  of  redshifts  of 
103  galaxies  brighter  than  16  mag  within 
a  radius  of  22  arc  min  of  the  center.  A 
preliminary  result  is  that  the  velocity 
dispersion  of  the  galaxies  in  the  center  of 
the  Coma  cluster  does  not  change  signifi- 
cantly with  brightness. 

The  situation  in  the  Perseus  cluster  is 


much  more  complicated.  The  formal 
velocity  dispersion  is  about  1500  km  sec-1 
(as  compared  with  1000  km  sec-1  in 
Coma)  and  leads  to  a  virial  mass  of  about 
1015  9TZ0.  However,  there  are  indications 
that  the  velocity  dispersion  increases  as 
the  brightness  of  the  galaxies  decreases. 
Moreover,  the  distribution  of  redshifts 
may  be  bimodal  with  peaks  at  around 
4700  km  sec"1  and  6500  km  sec"1.  It  thus 
may  turn  out  that  there  are  two  super- 
imposed clusters  in  Perseus.  Attempts  to 
test  this  hypothesis  by  plotting  galaxy 
diameter  against  redshift  have  thrown 
no  additional  light  on  the  problem.  Gunn 
and  Sargent  propose  to  measure  many 
more  redshifts  in  the  vicinity  of  the 
Perseus  cluster. 

In  the  same  connection,  Gunn  has  ob- 
tained scans  of  several  outstanding  repre- 
sentatives of  Morgan's  cD  galaxies,  the 
beginning  of  a  study  of  these  remarkable 
objects  to  determine  their  dynamics  and 
stellar  populations  and,  incidentally,  to 
spectrophotometrically  calibrate  nearby 
representatives  of  this  class  for  a  push  to 
large  redshifts  and  eventually  to  a  de- 
termination of  q0.  The  present  sample 
goes  to  a  redshift  of  about  0.20,  and  a 
search  for  cD  clusters  of  larger  redshift 
will  begin  as  soon  as  the  Palomar  60-inch 
is  in  regular  operation. 

In  last  year's  annual  report  (Year  Book 
69,  p.  98)  mention  was  made  of  work  by 
Sargent  on  a  cluster  of  compact  galaxies, 
ZW  CI  0159+33.  Due  to  a  computational 
error,  the  virial  mass-to-light  ratio  re- 
quired to  bind  this  cluster  was  quoted  as 
30,  whereas  the  correct  value  is  600.  The 
cluster  is,  therefore,  not  likely  to  be 
bound  unless  the  red  compact  galaxies 
that  constitute  the  cluster  have  abnor- 
mally high  masses.  Sargent  is  planning  to 
check  this  possibility  by  making  meas- 
urements of  the  velocity  dispersion  of  the 
stars  in  some  of  these  galaxies. 

Galactic  Nuclei 

Searle  has  obtained  spectral-energy 
distributions  and  sets  of  image-tube  spec- 
tra for  30  emission-line  nuclei  in  normal 
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galaxies.  Absolute  line  strengths  of  Ha, 
H£,  [0  III] ,  [0  II] ,  and  [N  II]  have 
been  obtained  for  as  many  of  these  as  pos- 
sible. The  preliminary  results  indicate  that 
there  are  two  distinct  types  of  nuclei.  In 
those  of  type  A,  derived  ratios  are  [N 
II]  /H«  — 1/3  and  [0  III]  /H/?  —  1/4  5  the 
spectra  are  indistinguishable  from  those 
of  H  II  regions  in  the  spiral  arms  of  Sc 
galaxies.  In  the  more  interesting  nuclei 
of  type  B,  [N  II]  /Ha  —  5  and  [0  III]  / 
H/?  ~  8,  while  [0  I]  and  [0  II]  are 
strong.  Two  conclusions  emerge  from 
analysis  of  the  results  so  far  obtained: 
first,  that  nitrogen  is  overabundant  (as 
compared  to  the  solar  neighborhood)  in 
the  nuclei  of  both  types;  and  second,  that 
while  nuclei  of  type  A  contain  gas  ionized 
by  hot  stars,  in  type  B  nuclei  hot  stars 
cannot  be  responsible  for  the  excitation. 
Alternative  models  for  the  excitation  of 
type  B  nuclei  are  being  investigated. 

Blue  Galaxies 

Searle  and  Sargent  have  continued 
work  on  the  bluest  galaxies.  Together 
with  W.  G.  Bagnuolo,  a  Caltech  graduate 
student,  they  have  computed  (on  the 
basis  of  evolutionary  tracks  from  stellar 
interior  calculations)  the  integrated  B  — 
V  and  U  —  B  colors  of  synthetic  galactic 
clusters  as  a  function  of  age  and  initial 
luminosity  function.  Going  one  step  fur- 
ther, they  have  computed  the  integrated 
colors  of  galaxies  as  a  function  of  age, 
initial  luminosity  function,  and  (on  the 
assumption  that  the  rate  of  star  forma- 
tion declines  exponentially)  as  a  function 
of  the  decay  time  of  star  formation.  The 
observed  two-color  curve  for  Sc  galaxies 
is  well  fitted  by  a  sequence  of  galaxy 
models,  all  of  which  have  the  same  (Sal- 
peter)  luminosity  function  but  decay 
times  varying  from  108  years  to  infinitely 
long.  The  observations  for  irregulars  de- 
mand a  similar  spread  in  decay  times  and 
are  better  fitted  by  a  slightly  different 
initial  luminosity  function — one  that  is 
enriched  in  massive  stars.   If  the  bluest 


galaxies  known  (such  as  I  Zw  0930+55 
and  II  Zw  0553+05,  mentioned  in  Year 
Book  69,  p.  99)  have  initial  luminosity 
functions  like  those  required  to  explain 
the  observations  of  Sc  and  irregular  gal- 
axies, then  the  bulk  of  their  stars  have 
been  formed  in  the  last  108  years. 

So  far  as  observations  in  the  spectral 
range  AA3200-1 1 ,800  are  concerned,  the 
bluest  galaxies  are  indistinguishable  from 
the  largest  0  associations  and  H  II  re- 
gions found  in  the  spiral  arms  of  giant  Sc 
galaxies.  Neugebauer,  Sargent,  and  Searle 
have  this  year  extended  the  comparison 
into  the  infrared  by  observing  a  number  of 
very  blue  galaxies  and  a  number  of  H  II 
regions  in  M101  at  1.6  fi  and  at  2.2  /*.  The 
observing  program  was  based  on  objects 
whose  blue-red  continuous  energy  distri- 
butions had  previously  been  observed  by 
Searle.  The  infrared  colors  and  the  infra- 
red-visual colors  of  the  H  II  regions  and 
the  bluest  galaxies  proved  to  be  the  same. 
All  the  infrared  radiation  from  the  bluest 
galaxies  can  therefore  be  attributed  to 
the  young  population,  and  there  is  now 
no  evidence  whatever  for  the  presence  of 
old  stars  in  the  bluest  galaxies  known. 

In  view  of  the  evidence  that  the  evolu- 
tion of  the  stellar  content  of  the  bluest 
galaxies  differs  radically  from  that  of 
normal  galaxies  of  the  Hubble  sequence, 
it  might  be  expected  that  the  chemical 
composition  of  their  interstellar  gas  would 
differ  from  the  composition  in  the  solar 
neighborhood.  Searle  and  Sargent  have 
found  that,  in  fact,  abnormal  abundances 
are  exceedingly  rare,  but  that  they  do 
exist.  From  excellent  new  photoelectric 
scans  and  spectra,  they  find  (contrary  to 
the  erroneous  preliminary  conclusion  that 
they  reported  in  Year  Book  69,  p.  99) 
that  the  extremely  blue  dwarf  galaxy  I 
Zw  0930+55  is  deficient  in  oxygen  and 
neon  by  a  factor  of  10  compared  with 
solar  abundance.  The  He/H  abundance 
ratio  is  the  same  in  this  galaxy  as  it  is  in 
Orion,  a  fact  which  strongly  supports  the 
view  that  the  helium  in  the  world  was 
formed  before  the  galaxies  were. 
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Markarian  Galaxies 

Sargent  continued  his  spectroscopic 
survey  of  galaxies  in  Markarian's  second 
list.  A  study  of  the  log  N{m)  versus  m 
plots  for  the  Markarian  galaxies  showed 
that  the  lists  are  reasonably  complete 
down  to  15.5  mag.  Accordingly,  an  at- 
tempt was  made  to  complete  redshift  de- 
terminations in  the  first  two  lists  down  to 
this  limit  in  order  that  a  statistical  study 
of  the  space  density  of  the  Markarian 
galaxies  can  be  carried  out.  Twenty-four 
new  redshifts  were  measured  during  the 
current  year;  this  brings  Sargent's  total 
up  to  70  for  the  second  list. 

There  are  124  galaxies  with  mv  $$  15.5 
in  Markarian's  first  two  lists.  Including 
measurements  published  by  other  authors, 
redshifts  have  been  measured  for  112  of 
these.  This  represents  an  essentially  com- 
plete sample.  As  a  first  step  in  the  sta- 
tistical study,  Sargent  has  made  the  first 
determination  of  the  space  density  of 
high-luminosity  Seyfert  galaxies  from  the 
20  such  objects  in  Markarian's  lists.  The 
preliminary  result  is  that  at  Mp  =  — 22 
the  space  density  of  such  objects  is  10"6 
(Mpc)"3  per  unit  magnitude  interval.  This 
value  is  much  lower  than  that  obtained  for 
ordinary  Seyfert  nuclei  which,  at  Mp  = 
—  18,  have  a  space  density  of  about  10"3 
(Mpc)"3.  In  the  objects  having  Mp  = 
—22,  the  light  from  the  "Seyfert  nucleus" 
dominates  the  light  from  the  whole  gal- 
axy; such  galaxies  could  easily  be  con- 
fused with  quasars. 

"Ring"  Galaxies 

There  are  five  known  examples  of  ring 
galaxies.  They  show  an  approximately  cir- 
cular annulus,  typically  about  30"  in  di- 
ameter, with  no  visible  object  at  the  center. 
Sargent  and  Penston  are  studying  spectra 
of  VII  Zw  445,  which  is  one  of  a  com- 
pact group  of  four  galaxies.  All  the  gal- 
axies in  the  group  have  redshifts  near 
12,000  km  sec-1;  the  "ring"  galaxy  has  a 
diameter  of  about  30  kpc.  It  is  hard  to 
understand  how  the  object  can  be  stable 
under  the  gravitational  tidal  interactions 


of  the  other  three  members  of  the  group. 
In  a  related  investigation,  Neugebauer, 
Sargent,  and  Searle  made  observations  at 
2.2  jx  of  the  ring  galaxy  II  Zw  0459+03, 
in  order  to  put  limits  on  the  infrared  flux 
from  any  optically  invisible  massive  ob- 
ject which  might  lie  at  the  center  of  the 
ring.  A  weak  2.2  ^  signal  from  the  center 
of  the  ring  was  detected;  however,  the 
observations  were  made  in  poor  seeing 
and  the  signal  could  have  been  produced 
by  the  ring  itself.  Further  observations 
of  this  and  other  ring  galaxies  are 
planned. 

Peculiar  Galaxies 

M.  V.  Penston  and  Neugebauer,  in  col- 
laboration with  Margaret  J.  Penston  and 
K.  P.  Tritton  of  the  Royal  Greenwich 
Observatory,  E.  E.  Becklin  (then  at  the 
Smithsonian  Astrophysical  Observatory) , 
and  N.  Visvanathan  of  Harvard,  studied 
the  Seyfert  galaxy  NGC  4151  in  the  op- 
tical and  infrared  during  1970.  They 
made  observations  of  the  galaxy  at  seven 
wavelengths  from  0.3  to  3.4  microns. 
Variations  were  found  at  all  wavelengths, 
but  the  optical  and  infrared  light  curves 
are  different:  an  optical  maximum  was 
reached  in  April,  but  the  galaxy  con- 
tinued to  brighten  at  2.2  microns  until  the 
end  of  June.  The  general  form  of  the 
light  curves  can  possibly  be  attributed  to 
a  dust  model  for  the  infrared  emission, 
but  this  would  be  ruled  out  if  suspected 
rapid  infrared  variations  are  confirmed. 
The  energy  distribution  of  the  point 
source  and  the  background  galaxy  have 
been  separated,  and  that  of  the  point 
source  closely  resembles  that  of  the 
quasar  3C273. 

Continued  observation  in  1971  shows 
that  NGC  4151  has  remained  constant  at 
2  microns  during  a  0.5  mag  decline  in  the 
optical. 

Similar  infrared  and  optical  observa- 
tions of  other  bright  Seyfert  galaxies 
have  been  made  by  M.  V.  Penston  and 
Margaret  J.  Penston  with  a  view  to  sep- 
arating the  energy  distributions  of  the 
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quasarlike  nuclei  from  those  of  the  ex- 
tended part  of  the  galaxies  and  to  investi- 
gating the  nature  of  the  variability. 
While  NGC  1068  apparently  stayed  at 
constant  brightness,  NGC  1275  and  7469 
were  seen  to  vary  in  the  optical,  but  there 
were  insufficient  infrared  data  to  reveal 
any  infrared  variations.  Observations  of 
the  same  bright  Seyfert  galaxies  are  in 
progress  with  the  multichannel  scanner  of 
the  200-inch  telescope  to  explore  further 
the  energy  distribution  of  the  nuclei  of 
these  galaxies. 

To  aid  past  and  future  photographic 
observations  of  these  galaxies,  photoelec- 
tric sequences  on  the  UBV  system  have 
been  established  near  them. 

Sargent  and  M.  V.  Penston  have  con- 
tinued using  the  100-inch  telescope  to 
investigate  spectroscopic  changes  in  the 
nucleus  of  the  Seyfert  galaxy  NGC  4151. 
This  year  they  obtained  several  spectra 
at  40  A  mm-1,  using  the  coude  spectro- 
graph and  8-inch  camera.  Variations  in 
the  strength  of  the  absorption  line  A3889 
of  He  I  and  the  Balmer  lines  are  now 
definitely  confirmed.  It  is  proposed  that 
NGC  4151  should  be  monitored  spectro- 
scopically  in  this  way  for  a  number  of 
years  so  that  this  variation  may  be  cor- 
related with  the  broad-band  optical  and 
infrared  variations. 

Maffei  Galaxies 

Gunn,  Neugebauer,  and  Sargent  have 
obtained  spectrophotometric,  infrared 
photometric,  and  spectroscopic  data,  re- 
spectively, for  the  galaxy  Maffei  2,  com- 
panion object  to  the  elliptical  Maffei  1. 
Maffei  2  appears  to  be  a  spiral  of  approxi- 
mate type  Sb  or  SBb,  substantially  more 
obscured  than  Maffei  1  and  perhaps  in- 
trinsically much  brighter.  It  seems  barely 
possible  that  the  Maffei  objects  may  re- 
solve some  of  the  deeply  puzzling  aspects 
of  the  dynamics  of  the  Local  Group. 

In  order  to  illuminate  further  the  na- 
ture of  the  Maffei  galaxies,  a  series  of 
I-N  direct  photographs  of  nearby  bright 
galaxies  was  taken  by  Bahcall.  The  results 


substantiate  the  classification  of  Maffei  1 
as  an  elliptical  and  of  Maffei  2  as  of  type 
Sb  or  SBb.  An  I-N  photograph  of  NGC 
4258,  a  well-known  Sb  galaxy,  shows  a 
striking  resemblance  to  that  of  the  best 
published  I-N  photographs  of  Maffei  2. 
It  may  be  compared  to  the  much  different 
appearance  of  NGC  4258  on  a  deep  blue 
plate  (p.  33  of  the  Hubble  Atlas  of  Gal- 
axies, C.I.W.  Pub.  618) .  Two  well-exposed 
I-N  plates  of  IC  10,  which  various  in- 
vestigators have  suggested  may  be  a  par- 
tially obscured  member  of  the  Local 
Group,  failed  to  show  a  characteristic  of 
Maffei  galaxies,  namely,  an  infrared 
image  that  is  appreciably  larger  than  its 
optical  image. 

Redshift  Anomalies 

Arp  has  obtained  interference-filter 
photographs  to  identify  H  II  regions  in 
the  galaxies  NGC  7320  and  NGC  7319  B, 
which  are  members  of  Stephan's  Quintet. 
The  respective  redshifts  are  800  km  sec"1 
and  5700  km  sec-1.  Measurement  of  the 
apparent  diameters  of  the  H  II  regions  is 
planned  as  a  test  of  relative  distance. 
Exposures  on  Illa-J  plates  reveal  a  long 
faint  tail  connected  to  NGC  7320.  The 
tail  is  partially  resolved,  and  Arp  believes 
that  it  indicates  interaction  between 
NGC  7320,  the  low-redshift  member  of 
the  Quintet,  and  other  members. 

Arp  has  reported  that  NGC  7603  (No. 
92  in  the  Atlas  of  Peculiar  Galaxies)  has 
a  semistellar  nucleus  with  a  Seyfert  spec- 
trum. Direct  photographs  on  Illa-J 
plates  reveal  a  connection  between  the 
main  galaxy  and  a  peculiar  companion 
of  high  surface  brightness.  Efforts  are 
directed  toward  explaining  the  difference 
in  redshift,  which  is  some  8000  km  sec"1 
greater  for  the  companion  than  for  the 
main  galaxy. 

Using  various  filter  and  emulsion  com- 
binations, Arp  has  obtained  direct  photo- 
graphs showing  a  luminous  filament  con- 
necting a  compact  object,  Markarian  205, 
to  the  spiral  galaxy  NGC  4319.  The 
redshift  of  Markarian  205  is  z  =  0.070 
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km  sec"1  and  that  of  the  galaxy  is  z  =  +12°25',  which  over  a  period  of  several 
0.006.  According  to  Arp,  Markarian  205  decades  has  shown  continuous  back- 
is  a  quasi-stellar  object.  It  has  a  Seyfert-  ground  variations  of  about  0.3  mag  in 
type  spectrum  and  is  about  1.5  mag  the  photographic  range,  as  well  as  some 
brighter  than  the  line  in  the  Hubble  dia-  abrupt  outbursts  of  about  1  mag  that 
gram  representing  the  brightest  galaxies  lasted  from  a  few  days  to  several  weeks, 
in  clusters.  The  fact  that  the  variability  in  the  lumi- 

Arp  is  continuing  the  accumulation  of  nosity  of  some  of  the  compact  galaxies  is 

photographs  of  radio  galaxies,  made  in  very  similar  in  character  to  that  observed 

good  seeing  with  the  200-inch  telescope,  in  quasars  furnishes  support  for  the  idea 

that  objects  of  these  types  are  closely 

Compact  Galaxies  related. 

Zwicky  has  analyzed  spectrograms  of 

As  a  post-retirement  project,  F.  Zwicky  about  m  compact  gaiaxies,  which  he  ob- 

has  completed  the  manuscript  for  a  cata-  served  with  the  nebular  spectrograph  in 

log  listing  about  4000  selected  compact  the  period  from  1963  to  1966    Among  the 

and  post-eruptive  galaxies.  It  is  expected  newly  reported  results  is  the  finding  that 

that  this  will  be  published  soon.    Some  the  abs0rption  spectra  of  several  compact 

data  on  several  clusters  of  compact  gal-  gaiaxies  appeared  to  show  double  sets  of 

axies  or  clusters  rich  in  these  objects  have  H  and  K  lines?  the  Q-band,  and  some- 

also  been  included.  times  Hy.  Examples  of  such  galaxies  are 

Zwicky  has  found  a  number  of  variable  i  zw  22, 1  Zw  126,  and  VII  Zw  475.  As  a 

compact  galaxies  during  the  examination  possible  interpretation,  Zwicky  invokes 

of  films  and  plates  obtained  since  1936  in  the  action  of  Einstein  gravitational  red- 

the  Palomar  search  for  supernovae.   One  shifts  of  the  order  of   10,000  to  20,000 

of   the   most  interesting  objects   among  km  sec"1  occurring  between  the  cores  and 

these  is  I  Zw  1  at  R.A.  Oh51m.O  and  Dec.  the  halos  of  these  compact  galaxies. 

*  QUASI-STELLAR    OBJECTS 

Spectroscopic  Observations  redshift  of  1.751  and  the  primary  absorp- 

Observations  aimed  at  the  determina-  J™1  J™  "f^  °f  I'™?1'  McKee  1^ 

tion  of  redshifts  of  quasi-stellar  sources  ^entified  5  other  redshift  systems  that 

in  the  4C  and  other  radio-source  lists  are  a™Jl  fo0r  10  out.  of  l\  of  ^e  lmes  of 
being  continued  by  Schmidt.  He  is  at-  s1fn^  \  3,  or  greater;  altogether  26  out 
tempting  to  obtain  as  complete  a  sample  ?f  a  £tal  of  62  absorPtion  lines  were 
as  possible  in  the  declination  zone  +20°  ldentined- 
to  +40°.  Spectroscopic  work  is  being  pjjT  _»„ 
done  also  on  a  small  number  of  candi- 
dates in  the  5C  catalog  and  in  the  Ryle-  In  his  survey  of  QSO,  Schmidt  found  in 
Neville  polar  field.  Work  is  also  con-  September  1970  that  PHL  957  has  a  red- 
tinuing  on  QSO  candidates  selected  from  shift  of  2.69,  the  second  largest  known  at 
the  work  of  Sandage  and  Luyten.  present.  Slit  spectrograms  by  Schmidt 
The  only  object  in  Markarian's  list  of  and  spectrophotometric  observations  by 
galaxies  with  ultraviolet  continua  known  Oke  show  emission  lines  from  a  blend  of 
to  be  a  quasar  is  Markarian  132.  It  has  Lyman-/?  and  O  VI,  Lyman-a  and  N  V, 
not  been  identified  as  a  radio  source.  Si  IV,  C  IV,  and  [C  III] .  The  colors  of 
Sargent  has  obtained  a  number  of  spec-  PHL  957  as  determined  by  Sandage  were 
trograms  of  this  object  with  the  image-  very  similar  to  those  of  subdwarfs.  How- 
tube  spectrograph  on  the  200-inch  tele-  ever,  colors  derived  from  spectrophoto- 
scope.    In  addition  to  the  emission-line  metric  observations  by  Oke  show  a  larger 
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ultraviolet  excess.  At  a  visual  magnitude 
of  16.6  and  a  distance  corresponding  to  a 
cosmological  redshift  of  2.69,  PHL  957  is 
probably  the  most  luminous  object  known 
at  a  rest  wavelength  of  around  3000  A, 
each  1  Hz  bandwidth  carrying  %%  of 
the  total  luminosity  of  the  sun. 

A  widened  spectrum  of  PHL  957  at  90 
A  mm"1  taken  with  the  Cassegrain  image- 
tube  spectrograph  by  Schmidt  showed  64 
narrow  absorption  lines.  A  six-hour  ex- 
posure at  the  coude  spectrograph  was  ob- 
tained with  the  Princeton  integrating 
television  camera  by  Morton,  Lowrance, 
and  Zucchino  (see  p.  435)  on  October  9, 
1970.  This  spectrum  shows  32  lines  in  the 
wavelength  range  4270-4495  A,  13  of 
which  had  been  measured  on  Schmidt's 
slit  spectrogram. 

The  derivation  of  the  redshift  systems 
that  may  be  present  among  so  many  ab- 
sorption lines  is  necessarily  a  complex 
matter.  Eight  redshifts  ranging  from  1.82 
to  2.66  fulfill  reasonable  minimum  re- 
quirements in  identifying  more  than  half 
of  the  observed  lines. 

The  V/Vm  Test 

The  steep  gradient  of  counts  of  radio 
sources  N(S)  is  known  to  be  in  conflict 
with  a  uniform  distribution  of  objects 
having  a  constant  luminosity  function  in 
Friedman  models  of  the  expanding  uni- 
verse. It  has  been  suggested  in  the  past 
that  the  required  evolution  might  be 
entirely  due  to  the  quasi-stellar  source 
component  of  the  radio-source  counts. 
This  question  cannot  be  easily  investi- 
gated through  radio  counts  of  identified 
quasi-stellar  sources.  The  reason  is  that 
the  identification  of  quasi-stellar  sources 
can  be  done  only  at  optical  wavelengths. 
Hence,  at  any  radio-flux  density  S,  only 
those  quasars  are  identified  which  are 
brighter  than  an  optical  limiting  magni- 
tude m.  There  is  no  simple  relation  be- 
tween quasar  counts  N(S,m)  and  the 
counts  that  would  be  obtained  over  all 
optical  magnitudes  together,  N(S). 

In  order  to  test  for  uniformity  of  space 


distribution,  Schmidt  used  the  so-called 
"V/Vm  test"  several  years  ago.  The  test 
is  performed  on  sources  in  a  sample  that 
is  complete  to  a  given  radio-flux  density  S 
and  a  given  optical  magnitude  m.  Con- 
sider a  source  observed  at  redshift  z,  and 
hypothetically  move  it  out  to  the  maxi- 
mum redshift  zm  at  which  it  drops  out  of 
the  sample  (either  because  it  gets  fainter 
than  m  or  because  its  flux  density  be- 
comes less  than  S) .  If  the  volume  of  the 
universe  out  to  redshift  zm  is  Vm,  and  if 
at  redshift  z  it  is  V,  then  we  expect  for  a 
uniform  distribution  of  sources  thatV/FOT 
is  uniformly  distributed  in  the  interval 
[0,  1]  and  that  its  average  value  will 
be  y2. 

M.  J.  Rees  of  Cambridge  University 
and  Schmidt  have  further  investigated 
the  method.  It  is  shown  that  the  signifi- 
cance of  the  derived  nonuniformity  of  the 
distribution  of  3CR  quasars  is  very  much 
increased  by  the  inclusion  of  the  optical 
limit  as  prescribed  by  the  V/Vm  test.  The 
V/Vm  distribution  is  equivalent  to  radio- 
source  counts  for  those  sources  in  the 
sample  that  are  radio  limited  and  equiv- 
alent to  optical  counts  for  those  that  are 
optically  limited. 

Quasi- Stellar  Source  Counts 

Work  reported  in  previous  years  by 
Schmidt  has  shown  that  the  nonuniform- 
ity of  the  space  distribution  of  both  quasi- 
stellar  radio  sources  and  quasi-stellar  ob- 
jects may  be  explained  by  an  increase  in 
the  co-moving  space  density  proportional 
to  (1  +  z)6,  probably  limited  to  redshifts 
less  than  around  2.5.  Since  the  mean 
radio  luminosity  of  the  quasi-stellar  radio 
sources  (from  the  3CR)  and  of  the  quasi- 
stellar  objects  (from  the  Sandage  and 
Luyten  optical  survey)  differs  by  a  fac- 
tor of  perhaps  102,  the  density  increase  is 
quite  independent  of  radio  luminosity. 
There  remains  considerable  uncertainty 
about  the  shapes  of  the  optical  and  the 
radio-luminosity  functions,  especially  the 
latter.  The  small  number  of  quasi-stellar 
source  identifications  in  the  5C  survey 
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fields  and  the  very  low  average 
radio-flux  density  of  optically  selected 
quasi-stellar  objects  require  a  revision  of 
the  radio-luminosity  function.  The  re- 
vised function  is  very  wide,  a  large  frac- 
tion of  all  quasars  having  very  low  radio 
luminosity.  The  radio-source  count  func- 
tion N(S)  for  all  quasars,  regardless  of 
optical  magnitude,  as  derived  from  the 
density  distribution  and  the  radio- 
luminosity  function,  has  a  shape  very 
similar  to  that  of  general  radio-source 
counts.  Quasars  contribute  some  20%  to 
30%  to  the  source  counts;  hence  they 
cannot  solely  account  for  the  steepness  of 
the  general  source  counts  at  the  bright 
end.  This  is  perhaps  the  strongest  argu- 
ment for  evolution  effects  in  radio  gal- 
axies— on  the  assumption  that  all  the 
radio  sources  that  are  not  quasars  are,  in 
fact,  radio  galaxies. 

QSO  and  Clusters  of  Galaxies 

As  a  continuation  of  the  investiga- 
tion of  possible  connections  between  gal- 
axies and  QSO,  Gunn  has  obtained  image- 
tube  photographs  from  the  200-inch  of 
several  objects  in  the  south  galactic  polar 
region.  One  of  these,  PKS  2251  +  11,  is 
superposed  on  a  small,  compact  group  of 
galaxies.  The  brightest  of  these,  an  elon- 
gated (presumably  spiral)  galaxy  at  V  ■ — 
20.5,  was  observed  with  the  multichannel 
spectrophotometer  and  was  discovered  to 
have  the  same  redshift  (0.33  ±  0.01) 
within  the  measuring  errors  as  the  QSO 


(0.323).  The  physical  association  was 
made  further  plausible  by  the  observa- 
tion that  the  galaxy  showed  the  Balmer 
lines  strongly  in  emission,  and  the  extra- 
polated UV  flux  of  the  QSO  accounts 
nicely  for  the  necessary  ionizing  radia- 
tion. A  wispy  structure  near  the  QSO  was 
observed  also,  with  inconclusive  results; 
the  records  suggest  an  emission  object 
with  an  enormous  velocity  dispersion, 
perhaps  ejecta  from  the  QSO,  but  further 
data  are  needed  to  confirm  this. 

Other  photographs  by  Gunn  indicate 
that  the  supposed  anticorrelation  between 
QSO  and  clusters  is  simply  not  real ;  over 
half  the  cases  studied  have  "suspicious" 
projected  companion  galaxies,  though 
only  one  QSO  so  far  seems  to  be  involved 
with  a  great  cluster,  and  the  redshift  of 
the  cluster  is  as  yet  unknown. 

A  search  for  new  quasi-stellar  objects 
in  clusters  of  galaxies  was  carried  out  by 
Bahcall  using  three-color  plates  (the 
Haro-Luyten  method)  taken  with  the 
Palomar  48-inch  schmidt  telescope. 
Plates  were  obtained  in  good  seeing  for 
64  Abell  clusters,  as  well  as  some  large- 
redshift  clusters  and  several  radio-galaxy 
groups.  Ten  Humason-Mayall-Sandage 
clusters  were  included  in  the  search.  A 
successful  identification  scheme  for  QSO 
was  developed  by  examining  plates  con- 
taining 22  previously  known  QSO. 
Schmidt  is  obtaining  spectra  for  the  com- 
plete sample  of  identified  candidates, 
numbering  13. 


THEORETICAL    STUDIES 


Superstrong  Electromagnetic  Waves 

Gunn  and  collaborators  at  Princeton, 
notably  J.  P.  Ostriker  and  J.  Arons,  have 
continued  their  investigation  of  super- 
strong  electromagnetic  waves  in  astro- 
physical  settings.  It  appears  that  mas- 
sive, rotating  magnetic  objects  can  pro- 
vide every  ingredient  necessary  for  a  wide 
class  of  strong  nonthermal  astronomical 
sources:  an  energy  source,  a  means  for 
converting  this  energy  into  kinetic  energy 


of  relativistic  particles  with  high  effi- 
ciency, and  an  electromagnetic  field  in 
which  these  particles  can  radiate  by  syn- 
chrotronlike mechanisms.  This  sugges- 
tion has,  of  course,  been  applied  to  pulsars 
and  models  for  pulsar-driven  supernovae. 
A  model  for  QSO  powered  by  a  collection 
of  supernova  remnants  is  being  investi- 
gated, but  progress  is  slow  because  the 
interaction  of  very  strong  waves  with 
bulk  matter  and  even  with  test  particles 
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in  complicated  situations  is  very  poorly- 
understood  as  yet. 

Infall  into  Great  Clusters 

Gunn  and  a  former  student  at  Prince- 
ton, J.  R.  Gott  III,  have  investigated  the 
infall  of  matter  into  great  clusters  of 
galaxies.  The  problem  turns  out  to  be 
well  posed  and  amenable  to  a  remarkably 
simple  solution.  The  combination  of  this 
solution  with  the  new  positive  X-ray  re- 
sults for  the  Coma  cluster  leads  to  a 
somewhat  shattering  conclusion:  Either 
the  deceleration  parameter  q0  is  very 
small,  of  order  0.05  or  less,  or  the  inter- 
galactic  medium  is  composed  almost  en- 
tirely of  compact,  low-luminosity  (and, 
therefore,  in  principle  almost  unobserva- 
ble)  objects,  or  the  assumption  of  zero 
pressure  is  wrong,  and  the  universe  is 
decelerated  by  some  relativistic  noninter- 
acting  fluidlike  neutrinos  or  short-wave- 
length gravitational  waves.  In  any  case, 
the  conclusion  that  the  total  intergalactic 
gas  density  cannot  be  much  higher  than 
a  few  times  10"31  g  cm-3  seems  inescap- 
able. 

Colors  of  Late-Type  Stars 

Searle,  Sargent,  and  Bagnuolo,  a  Cal- 
tech  graduate  student,  have  collaborated 
in  an  attempt  to  understand  the  UBV 
colors  of  Irregular  and  Sc  galaxies — ob- 
jects with  small  or  nonexistent  nuclear 
bulges.  As  a  first  step,  calculations  were 
made  of  the  colors  of  star  clusters  as  a 
function  of  time,  starting  from  theoretical 
evolutionary  tracks  in  the  (Afboi,  log  Te) 
diagram  and  assuming  the  Salpeter  func- 
tion &(M)<xM~1A6  for  the  mass  distribu- 
tion of  stars  at  birth.  These  calculations 
proved  to  be  in  satisfactory  agreement 
with  empirical  data  on  the  integrated 
colors  of  galactic  clusters  as  derived  by 
Sandage  and  by  Gray.  Searle  et  al.  then 
calculated  the  colors  of  galaxies  as  a  func- 
tion of  time,  with  varying  mass  functions 
of  star  formation  and  varying  exponen- 
tially declining  rates  of  star  formation 


with  time.  Two  surprisingly  simple  gen- 
eral results  emerged  from  the  computa- 
tions. The  range  in  UBV  colors  of  Sc  gal- 
axies as  given  by  de  Vaucouleurs  can  be 
reproduced  by  taking  the  Salpeter  func- 
tion and  merely  varying  the  exponential 
time  scale  of  star  formation:  the  bluest 
Sc  galaxies  (B  —  V  <^  0.4)  correspond  to 
a  constant  rate  of  star  formation  with 
time.  On  the  other  hand,  the  colors  of  Irr 
galaxies  can  be  understood  only  in  terms 
of  a  mass  function  3>(M)  oc  M'1,  much 
more  weighted  toward  massive  stars  than 
the  Salpeter  function.  Again,  the  bluest 
normal  Irr  galaxies  (B  —  V  ^  +0.2) 
correspond  to  a  constant  rate  of  star  for- 
mation with  time  with  the  foregoing  mass 
function.  In  all  these  calculations  the 
galaxies  were  assumed  to  be  1010  years 
old;  Searle  et  al.  are  applying  the  cal- 
culations of  color  as  a  function  of  time  to 
the  problem  of  the  dwarf,  possibly  young, 
galaxies  mentioned  elsewhere  in  this 
report. 

Star  Formation 

Quirk,  having  examined  the  observa- 
tional evidence,  finds  overwhelming  sup- 
port for  the  view  that  the  mean  tempera- 
ture of  the  gas  between  the  spiral  arms 
of  the  Galaxy  is  over  600°K,  and  that  no 
cold,  dense,  massive  clouds  exist  in  inter- 
arm  regions.  The  density  of  such  regions 
near  the  sun  is  0.3  atoms  per  cm3.  It  is 
possible  to  maintain  the  temperature  of 
such  a  medium  by  low-energy  cosmic 
rays  or  by  ultraviolet  radiation  from 
supernovae;  in  either  case,  after  about 
108  years  in  the  interarm  region,  the  gas 
passes  through  a  density  wave  shock;  it 
will  then  be  compressed  by  a  factor  of 
roughly  10,  and  will  cool  to  a  mean  tem- 
perature of  less  than  102  °K.  Quirk  con- 
cludes that  interstellar  clouds  are  a  result 
of  spiral  structure. 

The  above  suggests  two  things  about 
star  formation: 

1.  Stars  cannot  be  formed  by  com- 
pressing cold,  massive,  interstellar  clouds 
in  a  density  wave  shock  since  such  clouds 
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do  not  exist  until  after  the  gas  has  passed 
through  the  density  wave  shock. 

2.  Since  the  density  of  matter  in  the 
shock  is  observed  to  be  just  large  enough 
to  cause  a  large-scale  Jeans  instability, 
star  formation  is  a  threshold  phenomenon. 

The  latter  hypothesis  gives  theoretical 
justification  to  the  suggestion  of  Sandage, 
Freeman,  and  Stokes  that,  in  the  early 
history  of  the  Galaxy,  the  gas  is  rapidly 
turned  into  stars,  until  the  gas  density 
is  very  much  as  it  is  today.  Also,  if  star 
formation  is  a  threshold  phenomenon, 
since  this  threshold  can  be  calculated,  it 
is  possible  to  find  the  gas  density  as  a 
function  of  radius  in  a  galaxy.  Conceiv- 
ably, this  research  could  explain  why  the 
percentage  of  the  mass  of  a  galaxy  in  gas 
is  correlated  with  Hubble  type. 

Stability  of  Supermassive  Objects 

McKee  and  Quirk  have  been  studying 
the  stability  of  supermassive  objects 
against  fragmentation.  Such  objects  may 
provide  the  energy  source  of  quasars. 
They  find  that  a  rotating  relativistic 
supermassive  (mass  ^  105  solar  masses) 
disk  must  be  in  a  state  of  strong  differen- 
tial rotation  to  be  stable  against  assum- 
ing a  barlike  configuration  and  losing  all 
its  energy  to  gravitational  radiation. 
Their  results  are  consistent  with  the  hy- 
pothesis that  these  disks  can  be  thin 
enough  to  release  energy  equivalent  to  at 
least  a  few  percent  of  Mc2  and  still  be 
stable  against  fragmentation.  They  sug- 
gest a  hybrid  model  consisting  of  a  disk 
with  a  black  hole  in  the  center  as  one 
such  configuration.  The  accreting  black- 
hole  model  of  Lynden-Bell  seems  the  only 
model  likely  to  give  an  efficiency  of 
greater  than  a  few  percent  Mc2. 

Perpendicular  to  the  plane  of  a  super- 
massive disk,  support  must  be  provided 
either  by  radiation  pressure  or  the  pres- 
sure of  a  tangled  magnetic  field.  In  the 
former  case,  the  minimum  mass  of  the 
disk  is  set  by  catastrophic  neutrino  cool- 
ing for  M  <,  107  3TC0  ;  an  upper  limit  on 
the  mass  is  set  by  the  requirement  that 


the  visible  thermal  radiation  be  less  than 
the  observed  nonthermal  radiation  (I< 
3  X  109  9TC©).  Furthermore,  in  order  to 
avoid  flattening  to  the  point  of  fragmen- 
tation, a  radiative  disk  must  lose  at  least 
as  much  energy  by  nonthermal  mecha- 
nisms, such  as  magnetic  dipole  radiation, 
as  it  does  by  thermal  processes. 

Further  research  will  determine  the 
gravitational  radiation  from  rotating 
fragments  as  well  as  from  the  lumpy 
mass  distribution  expected  in  the  mag- 
netic-pressure case. 

Relativistic  Streaming  Instability 

The  growth  rate  of  the  relativistic  two- 
stream  instability  between  electron  beams 
of  equal  density  and  temperature  has 
been  evaluated  by  McKee.  In  the  non- 
relativistic  case,  the  two-stream  instabil- 
ity occurs  only  when  the  relative  momen- 
tum of  the  beams  exceeds  their  thermal 
momenta.  The  same  is  true  for  relativis- 
tic streams  in  one  dimension,  but  not  in 
three.  In  the  latter  case,  most  of  the 
particles  have  transverse  momenta  that 
are  proportional  to  the  temperature ;  in  a 
frame  in  which  the  particles  are  moving 
at  relativistic  velocity,  the  Lorentz  trans- 
formation then  leads  to  streaming  mo- 
menta that  are  proportional  to  the 
temperature.  Thus,  for  sufficiently  rela- 
tivistic beams,  the  average  streaming 
momentum  can  always  exceed  the  thermal 
momentum,  with  the  result  that  the  two- 
stream  instability  can  persist  for  arbi- 
trarily high  temperatures.  This  instabil- 
ity provides  an  effective  mechanism  for 
converting  the  streaming  energy  of  pro- 
tons into  random  energy  of  electrons 
when  an  expanding  plasma  streams 
through  the  interstellar  or  intergalactic 
medium ;  it  could  thus  play  an  important 
role  in  nonthermal  radio  sources. 

Solar  Oblateness 

Ingersoll  and  E.  A.  Spiegel  of  Columbia 
University  analyzed  Dicke  and  Golden- 
berg's  solar  oblateness  data  and  con- 
cluded that  a  moderate  equatorial  tern- 
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perature  excess,  concentrated  near  the 
base  of  the  chromosphere,  could  explain 
the  observations  in  the  absence  of  a  true 
gravitational  oblateness.    This  analysis 


has  led  to  renewed  interest  in  the  subject 
and  to  new  attempts  to  detect  possible 
sources  of  excess  brightness  at  the  solar 
equator. 


GUEST    INVESTIGATORS 


During  the  report  year,  the  Hale  Ob- 
servatories accommodated  34  guest  in- 
vestigators from  22  institutions.  Six  of 
the  guest  investigators  came  from  outside 
the  United  States.  Practically  all  of  the 
telescopes  of  the  Observatories,  both  at 
Mount  Wilson  and  at  Palomar  Mountain, 
including  the  200-inch  telescope,  were 
used  in  these  investigations.  In  each  case, 
observing  time  was  allotted  by  the  Ob- 
servatory Committee  on  the  basis  of 
merit  of  the  program  submitted. 

Dr.  Lawrence  H.  Aller  of  the  Univer- 
sity of  California  at  Los  Angeles  and  Dr. 
Stanley  J.  Czyzak  of  Ohio  State  Uni- 
versity have  observed  a  number  of 
planetary  nebulae  with  the  60-inch  and 
100-inch  telescopes.  At  the  60-inch  tele- 
scope they  used  the  Cassegrain  photo- 
electric spectrum  scanner  to  measure  the 
intensity  of  emission  lines  in  the  region 
AA4800-7900  for  NGC  40  and  NGC  7026. 
At  the  100-inch  telescope  they  obtained 
blue-region  coude  plates  for  J-320,  NGC 
1535,  NGC  7009,  NGC  7662,  and  IC  4997. 

Aller,  Czyzak,  and  Dr.  James  B.  Kaler 
of  the  University  of  Illinois  have  reduced 
new  coude  data  on  NGC  7027.  These  new 
spectrophotometric  observations  are  in 
accord  with  recent  photoelectric  work  of 
J.  S.  Miller;  now  there  is  no  discrepancy 
between  theory  and  observations  for  the 
Balmer  decrement. 

In  February,  March,  and  April,  four 
Jovian  satellite  eclipse  ingresses  and  one 
eclipse  egress  were  observed  with  the 
multichannel  spectrometer  and  200-inch 
telescope  by  Drs.  L.  G.  Despain,  T.  F. 
Greene,  and  R.  W.  Shorthill  of  The  Boe- 
ing Company.  Special  spectrometer 
deckers  were  employed  to  isolate  selected 
spectral  regions  characterized  by  either 
the  lack  of  known  absorption  features  or 
the  dominance  of  a  single  known  or  an- 


ticipated absorption  feature.  In  this 
manner  eclipse  light  curves  were  observed 
in  20  spectral  regions  and  through  8  to  10 
magnitudes  of  darkening.  It  is  antici- 
pated that  it  will  be  possible  to  determine 
the  wavelength  dependence  of  extinction 
in  the  Jovian  atmosphere,  the  Jovian  at- 
mosphere scale  height,  NH3  and  CH4 
curves  of  growth  in  select  bands,  and  the 
atmospheric  pressure  of  the  cloud  tops 
from  the  termination  of  the  refractive 
tail.  In  addition,  several  as-yet- 
unobserved  absorption  features  are  be- 
ing looked  for  in  select  spectral  regions, 
and  the  satellite  diameters  and  a  Jovian 
chord  length  will  be  determined.  One 
simple  and  striking  result  available  at 
the  time  of  this  writing  is  that  the  March 
eclipse  ingress  of  JIII  sampled  the  Jovian 
atmosphere  at  a  region  on  the  surface  of 
Jupiter  apparently  characterized  by  such 
extensive  aerosol  extinction  that  the  re- 
fractive tail  was  virtually  nonexistent. 
This  result  is  in  sharp  contrast  to  a  num- 
ber of  previous  visual  (by  eye)  observa- 
tions and  the  photometric  observations 
by  Price  and  Hall  in  1970. 

Dr.  Uri  Feldman  of  the  Florence  and 
George  S.  Wise  Observatory  in  Tel  Aviv 
has  obtained  three-color  photographs  of 
rich  clusters  of  galaxies  with  the  48-inch 
schmidt.  The  photographs  are  for  the 
purpose  of  identifying  quasi-stellar  ob- 
jects in  the  directions  of  the  clusters. 
Feldman  also  has  obtained  red  14"  X  14" 
plates,  under  the  same  conditions  as 
plates  obtained  20  years  ago  for  the  Sky 
Survey,  in  order  to  attempt  to  measure 
proper  motions  of  infrared  stars.  The 
first  measurements  show  that  for  the 
stars  chosen  for  study  no  proper  motion 
is  measurable  in  the  20-year  interval. 

Dr.  Tom  Gehrels  of  the  Lunar  and 
Planetary  Laboratory  of  the  University 
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of  Arizona  has  used  the  48-inch  schmidt  system  incorporating  a  diaphragm  that  is 

to  photograph  a  12°   X  12°  region  cen-  arranged  to  pass  more  than  300  individ- 

tered  on  the  Following  Lagrangian  Point,  ual  absorption  lines  in  the  blue  region  of 

L4,  of  Jupiter,  in  order  to  make  a  com-  the  spectrum;   the  transmitted  light  is 

parison  with  the  Preceding  Point,  sur-  focused  by  a  10-inch  f/0.9  Fabry  lens 

veyed  in  1965  (C.  J.  van  Houten,  I.  van  upon  a  Phillips  bi-alkali  photomultiplier. 

Houten-Groeneveld,     and     T.     Gehrels,  The  spectrum  is  scanned  across  the  dia- 

Astron.  J.,  75,  659-662,  1970),  where  as  phragm  by  a  quartz  plate,  rocked  at  a 

many  as  700  Trojan  asteroids  appear  to  frequency  of  1  Hz,  behind  the  entrance 

be  present.  These  large  numbers  rule  out  slit  of  the  spectrograph.  The  output  count 

the  possibility  that  they  originated  as  from  the  photomultiplier  is  accumulated 

escaped  satellites  of  Jupiter,  while  it  is  in  synchronism  with  the  scan  in  a  180- 

noted  that  the  frequency-size  relation  for  channel  scaler;  a  "dip"  appears  in  the 

these  Trojans  is  the  same  as  for  other  scan  at  the  radial  velocity  of  the  star, 

asteroids.   Plates  were  also  taken  to  de-  Results   of   observational   tests   are   re- 

termine  orbits  for  about  25  new  Trojans  ported  under  "Globular  Clusters,"  this 

and  for  an  Apollo  asteroid   (1971  FA)  report. 

discovered  on  these  plates;  1971  FA  is  In  September  1970  Dr.  G.  Grueff  of  the 

exceptional  in  its  small  perihelion  dis-  Owens  Valley  Radio  Observatory  pro- 

tance  of  0.6  AU  (Intern.  Astron.  Union  posed  a  program  for  the  Palomar  60-inch 

Circular  2323) .  telescope  to  try  to  obtain  optical  identifi- 

Dr.  R.  F.  Griffin  of  Cambridge  Obser-  cations    for    approximately    200    radio 

vatories,  England,  visited  Pasadena  from  sources  belonging  to  the  B2  catalog,  which 

September  to   January  to  continue  his  were  found  to  be  empty  fields  (no  optical 

program  of  high-dispersion  spectroscopy  counterpart)  on  the  Palomar  Sky  Survey 

of  bright  stars  at  the  coude  focus  of  the  prints  and  plates.    Since  then,  a   large 

100-inch  telescope.   He  obtained  spectra  number  of  B2  radio  sources  have  been 

at    1   A  mm"1   of  Sirius,  Vega,   Deneb,  studied  at  5  GHz  with  the  Owens  Valley 

Procyon,  and  a  Persei.    Further  investi-  Interferometer  in  order  to  determine  the 

gation  of  the  instrumental  profile  of  the  accurate  positions   (within  2-5  arc-sec) 

spectrograph  showed  that  the  circularly  necessary   for  identifications  with  very 

symmetrical   component   of   the   profile,  faint  galaxies  (mv  j*,  19) .   Although  the 

whose  intensity  approximately  follows  an  new  60-inch  was  not  available,  some  50 

inverse-square  law,  arises  in  the  optical  fields  have  been  photographed  already  by 

system  of  the  spectrograph  and  not  in  Sandage  and  Grueff,  using  the  200-inch 

the  photographic  plate ;  halation,  although  telescope  with  an  image  tube  at  the  prime 

important,  is   of  comparatively   limited  focus.   The  plates  obtained  (two  for  al- 

range.  most    every     field     investigated)     have 

Griffin  collaborated  with  Gunn  to  put  been  inspected  by  eye,  but  the  detection 
a  photoelectric  radial-velocity  spectrom-  of  images  at  the  plate  limit  requires  en- 
eter,  similar  in  principle  to  his  Cam-  larged  prints  of  high  contact.  Such  prints, 
bridge  prototype,  on  the  200-inch  tele-  however,  are  difficult  to  make  from  image- 
scope  (see  also  Year  Book  54,  p.  27) .  The  tube  plates,  due  to  a  rather  large,  smooth 
instrument  is  designed  to  measure  the  gradient  of  the  image-tube  sensitivity 
radial  velocities  of  late-type  stars  by  a  across  the  field.  For  this  reason,  and  also 
cross-correlation  technique  in  which  the  to  achieve  full  utilization  of  the  informa- 
stellar  spectrum  is  matched  to  an  appro-  tion  contained  on  the  plates,  a  digital  re- 
priate  diaphragm  or  template.  For  this  duction  program  has  been  undertaken, 
purpose,  the  plateholder  assembly  of  the  The  same  technique  and  equipment  de- 
144-inch  coude  camera  is  replaced  by  a  veloped  at  the  Jet  Propulsion  Laboratory 
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for  the  reduction  of  the  pictures  provided 
by  the  various  Mariner  experiments  will 
be  used.  Eventually  it  should  be  possible 
to  have  reliable  identifications  of  radio 
galaxies  at  least  1.5  mag  fainter  than  the 
Palomar  Sky  Survey  limit.  Such  an  in- 
crease in  limiting  magnitude  should  cor- 
respond to  a  redshift  of  the  order  of  0.6 
or  more. 

Dr.  Hugh  M.  Johnson  of  the  Lockheed 
Palo  Alto  Research  Laboratory  has  con- 
tinued his  search  for  objects  with  the 
A4686  line  of  He  II  in  emission.  The  48- 
inch  Palomar  schmidt  telescope  was 
equipped  with  a  6-inch-square  Baird 
interference  filter  for  use  over  5  X  7-inch 
Il-aO  plates,  in  order  to  increase  discrim- 
ination for  A4686  He  II  in  stellar  or 
nebular  objects.  The  program  continued 
the  previous  year's  work  and  aimed  to 
explore  the  fields  of  X-ray  sources,  Wolf- 
Rayet  stars,  and  similar  peculiar  He  II 
radiators.  Plates  were  taken  of  Sco  X-l 
(for  image  structure),  GX3+1,  GX9+1, 
GX17+2,  Cyg  X-4,  NGC  6302  (for 
image  structure) ,  and  A  85  and  Cas  A. 
Although  coordinates  for  some  of  the 
X-ray  sources  were  known  to  about  -f-2', 
and  a  careful  search  of  the  plates  was 
made  for  them,  no  peculiar  objects  were 
found  near  the  predicted  positions.  In  the 
case  of  the  above  GX  sources,  the  nega- 
tive result  is  consistent  with  great  dis- 
tance of  the  sources  and  obscuration  by 
interstellar  dust.  Further  attempts  are 
contemplated  in  areas  where  dust  may 
be  less  obscuring.  Some  of  the  existing 
plates  are  currently  being  studied  with 
the  GALAXY  machine  in  Edinburgh. 

Dr.  Torrence  V.  Johnson  of  the  Massa- 
chusetts Institute  of  Technology  has 
made  a  spectrophotometric  study  of 
asteroids.  This  study  used  the  60-inch 
telescope  on  Mount  Wilson  and  an  MIT 
double-beam  photometer  and  data  sys- 
tem. Spectral  reflectivities  (0.3-1.1  /a) 
were  determined  for  about  twelve  aste- 
roids. Similar  data  were  obtained  for  the 
Rings  of  Saturn  and  some  of  Saturn's 
satellites. 


Dr.  Burton  F.  Jones  of  the  University 
of  California  at  Santa  Cruz  has  taken 
direct  plates  of  the  Pleiades  and  Praesepe 
with  the  48-inch  schmidt,  matching  the 
Sky  Survey  plates  of  these  clusters.  These 
are  being  measured  together  with  glass 
copies  of  the  Sky  Survey  plates  on  the 
Lick  automatic  measuring  engine  in  order 
to  derive  proper  motions  for  faint  stars 
in  the  vicinity  of  these  clusters.  Together 
with  proper  motions  derived  from  Car- 
negie Astrograph  plates  at  the  Lick  Ob- 
servatory, these  proper  motions  will  be 
used  to  segregate  members  for  a  study  of 
the  faint  end  of  the  luminosity  function 
in  these  clusters.  With  the  measurements 
and  reductions  half  completed,  it  appears 
that  the  schmidt  plates  give  proper  mo- 
tions of  accuracy  comparable  to  those 
from  the  Carnegie  Astrograph  plates,  al- 
though a  few  more  terms  are  required  in 
the  reduction  formulae.  Dr.  W.  F.  van 
Altena  of  the  Yerkes  Observatory  and 
Jones  are  also  using  these  proper  motions 
to  determine  the  absolute  proper  motions 
of  these  clusters  with  respect  to  galaxies. 

On  a  run  of  four  nights  with  the  200- 
inch  coude  spectrograph  at  Palomar,  Dr. 
Philip  C.  Keenan  of  the  Perkins  Observa- 
tory obtained  spectrograms  of  12  super- 
giants  and  5  carbon  stars.  The  most  in- 
teresting spectra  were  those  taken  in  the 
red  and  blue  regions  of  RZ  Pegasi,  a 
Mira  variable  which  was  then  at  a  high 
maximum  of  about  the  8th  magnitude. 
RZ  Peg  has  been  known  as  a  carbon  star, 
but,  as  suggested  by  Bidelman,  it  resem- 
bles R  Canis  Minorisand  probably  should 
be  classed  with  the  small  group  of  CS 
stars  in  which  the  abundances  of  carbon 
and  oxygen  are  nearly  equal.  The  photo- 
metric analysis  of  the  spectrograms  of  RZ 
Peg  is  being  carried  out  by  a  post- 
doctoral fellow  at  Ohio  State,  Irene 
Marenin,  who  has  computed  absorption 
profiles  of  the  CN  bands  in  order  to  dis- 
entangle them  from  the  atomic  lines.  The 
bands  of  all  other  molecules  are  very 
weak  in  the  spectrum,  but  the  lines  of  Tc 
I  are  strong. 
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Dr.  A.  Labeyrie  of  the  State  University 
of  New  York  at  Stony  Brook,  in  associa- 
tion with  Drs.  D.  Gezari  and  R.  Stachnik, 
has  tested  the  principle  of  "speckle  inter - 
ferometry"  using  twilight  time  on  the 
200-inch  telescope.  Series  of  star  images 
having  a  grainy  structure  of  interference 
origin  were  recorded  using  short  expos- 
ures and  a  filter.  Diffraction-limited  in- 
formation was  extracted  from  the  images, 
giving  the  angular  size  of  Betelgeuse  and 
a  position  angle  and  separation  of  the 
components  of  Capella,  the  latter  being 
obtained  to  a  precision  of  0.004".  It  is 
expected  that  the  method  can  be  extended 
to  objects  as  faint  as  magnitude  7. 

Dr.  W.  J.  Luyten  of  the  University  of 
Minnesota  and  Mr.  Glen  J.  Veeder,  Jr.,  a 
graduate  student  at  the  California  Insti- 
tute of  Technology,  very  nearly  com- 
pleted the  retaking  of  the  plates  of  the 
National  Geographic-Palomar  Sky  Sur- 
vey; a  few  final  plates  were  taken  by 
Kowal.  Thus  all  936  red  plates  have  now 
been  repeated.  Luyten  notes  that  because 
of  this  it  is  now  possible  to  measure  the 
proper  motion  of  any  object  brighter  than 
the  20th  magnitude  (red)  and  north  of 
declination  —33°  with  an  accuracy  of 
about  ±0".014  in  each  coordinate. 

The  200-inch  telescope  was  used  during 
evening  and  morning  twilight  periods  by 
Dr.  Thomas  B.  McCord  of  the  Massachu- 
setts Institute  of  Technology  to  observe 
the  reflected  energy  spectrum  between  1.0 
and  2.5  p  (AA  =  500  A)  of  the  four  Gali- 
lean satellites  of  Jupiter  and  of  small 
areas  on  the  disk  of  Mercury.  The  satel- 
lite observations  will  be  described  in  a 
forthcoming  publication.  A  new  infrared 
calibration  of  a  Bootis  against  a  Lyrae 
was  made. 

McCord  also  used  the  60-inch  telescope 
several  times  to  continue  his  study  of  the 
reflected  energy  spectrum  between  0.3  and 
1.1  fi  (AA  =  300  A)  of  each  of  the  three 
major  rings  of  Saturn.  Although  severe 
weather  problems  were  encountered,  it 
appears  that  the  rings  differ  in  reflectiv- 
ity,  especially   in   the   ultraviolet.    The 


60-inch  telescope  was  used  also  to  con- 
tinue his  study  of  the  spectral  reflectivity 
(0.3-1.1  fx)  of  asteroids.  A  number  of 
asteroid  spectra  were  obtained,  and  some 
revealed  absorption  bands  similar  to 
those  found  earlier  in  Vesta's  spectrum. 
The  24-inch  and  60-inch  telescopes  were 
used  to  measure  the  spectral  reflectivity 
of  small  areas  of  the  lunar  surface.  These 
spectra  are  being  compared  with  those  of 
lunar  soil  samples.  Knowledge  of  the 
composition  of  larger  areas  of  the  lunar 
surface  can  be  gained  by  such  studies. 

Dr.  D.  H.  McNamara  of  Brigham 
Young  University  utilized  the  60-inch 
telescope  at  Mount  Wilson  Observatory 
to  obtain  photometric  observations  of 
stars  in  the  field  of  some  of  the  brighter 
Cepheids.  The  purpose  of  the  program 
was  to  obtain  an  independent  check  on 
the  reddening  of  the  Cepheids.  For  a 
number  of  these  stars  the  reddening  across 
the  field  was  quite  uniform,  making  it 
possible  to  obtain  accurate  reddening 
values.  In  general,  the  color  excesses  of 
the  Cepheids  determined  by  this  method 
appear  to  be  somewhat  smaller  than  the 
values  quoted  in  the  current  literature. 

McNamara  also  secured  spectrograms 
with  the  100-inch  telescope  coude  spec- 
trograph (20  A  mm-1)  of  the  dwarf 
Cepheids  SZ  Lyncis,  DY  Herculis,  AD 
Canis  Minoris,  and  EH  Librae  for  the 
purpose  of  determining  rotational  veloc- 
ities and  radial  velocities.  The  stars  were 
trailed  once  along  the  length  of  the  slit 
during  one  pulsation  period.  The  spectra 
indicate  that  the  stars  have  rotational 
velocities  less  than  the  resolution  of  the 
plate  (i.e.,  v  sin  i  $C  20  km  sec-1).  The 
spectrograms  are  currently  being  meas- 
ured for  radial  velocities. 

Dr.  Walter  E.  Mitchell,  Jr.,  of  the  Per- 
kins Observatory  used  the  Snow  telescope 
and  the  McMath-Hulbert  spectrometer 
in  the  double-pass  mode  in  two  observa- 
tional programs:  (1)  to  make  slow  scans 
in  the  solar  spectrum  for  the  purpose  of 
attaining  low  noise  levels  in  the  search  for 
faint  features;   and    (2)    to  make  drift 
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curves  in  the  ultraviolet  solar  continuum 
with  a  view  toward  obtaining  improved 
data  on  the  law  of  limb  darkening  in  that 
spectral  region.  In  the  program  of  low- 
noise  solar  spectroscopy,  the  slow  scan 
was  achieved  by  partial  restoration  of 
the  original  grating  drive  gear  chain. 
Sky  transparency  changes  were  com- 
pensated for  by  a  second  detector  that 
received  light  from  the  predisperser.  At 
scan  rates  on  the  order  of  1  A  per  hour, 
absorption  features  with  depressions  from 
the  continuum  of  the  order  of  0.1%  can 
be  recorded.  In  the  limb-darkening  pro- 
gram, preliminary  drift  curves  have  been 
analyzed  to  obtain  the  characteristics  of 
the  instrumental  profile. 

A  third  program,  being  pursued  in  col- 
laboration with  Dr.  Keith  Pierce  and  Dr. 
Orren  Mohler,  is  the  preparation  of  a 
photometric  spectrum  map  in  the  range 
3000  A  to  the  shortward  atmospheric 
limit.  This  utilizes  data  from  the  Kitt 
Peak  and  McMath-Hulbert  Observa- 
tories and  the  Snow  telescope. 

An  indispensable  part  of  Mitchell's 
program  has  involved  the  150-foot  tower 
computer  system  now  installed  at  Santa 
Barbara  Street.  The  power  and  versa- 
tility of  the  system,  with  its  plotter  ac- 
cessory, provide  for  automatic  conversion 
to  digital  form  of  high-resolution,  double- 
pass  spectrum  scans  from  the  Snow  tele- 
scope made  prior  to  the  digitalization  of 
its  output. 

The  Princeton  television  camera  was 
used  by  Dr.  Donald  C.  Morton  of  Prince- 
ton University  Observatory  in  collabora- 
tion with  Oke  during  two  observing  peri- 
ods at  the  Hale  Telescope.  The  secondary 
electron  conduction  vidicon  was  installed 
at  the  focus  of  the  36-inch  camera  of  the 
coude  spectrograph  in  order  to  obtain 
high-resolution  spectra  of  faint  objects. 
The  observing  program  included  quasi- 
stellar  objects  for  resolution  of  their  ab- 
sorption lines,  elliptical  galaxies  for  de- 
termination of  their  stellar  velocity 
dispersions,  and  Seyfert  galaxies  in  a 
search  for  absorption  lines  in  spectra  of 


their  nuclei.  A  fall  observing  run  included 
exposures  on  PHL  957,  NGC  7332,  and 
NGC  1068,  while  a  winter  run  was  used 
to  study  Ton  1530,  NGC  4494,  1889, 
3115,  and  4473,  and  3C120.  For  the  QSO 
PH  957  (Zem  =  2.70) ,  a  resolution  0.75  A 
over  the  range  4270-4495  A  was  obtained 
in  a  6-hour  exposure.  At  least  31  absorp- 
tion lines  are  visible  in  this  region,  al- 
though no  more  than  half  of  them  fit  into 
the  plausible  redshift  systems  determined 
in  conjunction  with  Schmidt's  low-resolu- 
tion spectra.  Many  of  the  lines  are  re- 
solved and  reach  zero  central  intensity, 
while  others  are  narrower  than  the  spec- 
trograph resolution  and  consequently 
must  have  Doppler  widths  less  than  25 
km  sec-1. 

Dr.  Thomas  W.  Noonan  of  Brockport 
State  College,  New  York,  is  studying  the 
distribution  of  galaxies  in  clusters  of 
galaxies.  Analysis  of  existing  200-inch 
plates  of  the  Coma  and  Corona  Borealis 
clusters  indicates  the  following.  The 
limiting  integrated  photographic  mag- 
nitude for  the  faintest  images  is  about 
22.4.  The  fainter  galaxies  are  less  con- 
centrated toward  the  cluster  center  than 
the  brighter  galaxies.  The  logarithmic 
cluster  luminosity  function  continues  to 
the  limit  with  approximately  the  same 
slope  (0.2)  as  represented  by  the  Abell  or 
Zwicky  formulae.  The  number  of  faint 
galaxies  is  insufficient  to  have  any  rele- 
vance for  the  mass  problem.  (Details  ap- 
pear in  Astron.  </.,  76,  182-189,  1971.) 
Plates  of  a  more  remote  cluster,  Abell 
1413  at  redshift  0.14,  with  different  ex- 
posure times  and  in  different  colors  at  the 
48-inch  schmidt,  are  to  be  analyzed  for 
any  dependence  of  cluster-member  distri- 
bution on  brightness  and  color. 

Dr.  Tobias  Owen  of  the  State  Uni- 
versity of  New  York  at  Stony  Brook  used 
his  observing  runs  with  the  coude  spec- 
trograph of  the  100-inch  telescope  for  the 
acquisition  of  spectra  of  Uranus  and  Nep- 
tune in  the  red  region,  recording  bands  of 
hydrogen  and  methane  that  had  not  pre- 
viously been  observed  at  this  resolution. 
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The  observations  should  lead  to  an  im-  97,  and  99  have  now  been  measured  with 

proved  determination  of  the  value  of  the  the  20-inch,   and  the  results  are  being 

abundance  ratio  C/H  in  the  atmospheres  prepared  for  publication.    UBV  observa- 

of  these  planets.  tions    of    interesting    blue    stars    being 

The  March  1971  run  with  the  200-inch  studied  by  Greenstein  and  A.  I.  Sargent 

telescope  centered  on  the  use  of  the  multi-  have  also  been  made  with  the  20-inch. 

channel  spectrometer  to  record  spectra  of  As  mentioned  in  greater  detail  in  the 

Pluto,  Triton,  and  selected  satellites  of  section  "Galaxies"  of  this  report,  Mrs. 

Saturn  and  Uranus.   This  program  is  de-  Penston,  in  collaboration  with  others,  has 

signed  to  search  for  evidence  of  atmos-  used  the  20-inch  to  obtain  UBV  observa- 

pheres  and  to  obtain  information  regard-  tions  of  selected  Seyfert  galaxy  nuclei, 

ing  the  nature  of  the  surfaces  of  these  The  100-inch  telescope  has  been  used 

bodies.   Bad  weather  prevented  comple-  by  Mrs.  Penston  to  obtain  second-epoch 

tion  of  the  project,  but  some  useful  results  astrometric  plates  of  areas  near  the  North 

were  obtained  and   are  currently  being  Galactic  Gap  at  the  Newtonian  focus.  A 

analyzed.  series  of  B  and  V  plates  has  also  been 

Mrs.  Margaret  Penston  of  the  Royal  taken  on  the  globular  cluster  M13  to  in- 
Greenwich  Observatory,  Herstmonceux,  vestigate  the  RR  Lyrae  variables.  Sand- 
has  continued  to  use  the  scanner  of  the  age  has  pointed  out  {Astrophys.  J.,  162, 
100-inch  coude  to  measure  the  chromo-  841-870,  1970)  that  M13  has  only  four 
spheric  H  and  K  intensity  of  late-type  known  variables  with  p  <  ld,  and  the 
dwarfs,  as  mentioned  in  last  year's  report,  period  of  one  of  these  is  doubtful.  There 
Members  of  different  stellar  groups  have  is  some  evidence  that  the  variables  in 
been  observed,  and  it  has  been  found  in  M13  are  brighter  than  those  in  other 
particular  that  isochrones  in  the  H-K  globular  clusters,  and  they  may  be  on  the 
flux/B  —  V  diagram  can  be  drawn  for  asymptotic  rather  than  the  horizontal 
the  Wolf  630  and  61  Cygni  groups.  These  branch. 

not  only  confirm  a  common  age  for  the  Dr.  Deane  M.  Peterson  of  the  State 

group  members  but,  in  conjunction  with  University  of  New  York  at  Stony  Brook 

the  sequence  observed   for  the   Hyades  and  Mr.  H.  L.  Shipman,  a  graduate  stu- 

cluster  by  0.  C.  Wilson,  provide  the  basis  dent  at  Caltech,  have  completed  an  in- 

for  an  age  calibration  for  field  stars.  In  vestigation  of  the  variations  of  helium 

contrast  to  use  of  the  H-R  diagram,  this  abundance  among  the  galactic  OB  associ- 

method  becomes  more  sensitive  with  in-  ations  and  clusters  NGC  2264  (in  Mon 

creasing  B  —  V.  OB  I),  Lac  OB  I,  and  Sco  OB  II.   They 

Mrs.  Penston  has  used  the  20-inch  tele-  found  no  statistically  significant  evidence 

scope  to  obtain  light  curves  in  the  UBV  for  variations  in  helium  abundance  from 

system  of  the  RR  Lyrae  c-type  variables  association  to  association,  the  abundance 

AE  Bootis,  TV  Lyncis,  and  RW  Arietis.  variations   within   an   association   being 

A  period  of  0d. 314897  has  been  derived  for  larger     than     association-to-association 

AE  Bootis,  which  previously  had  no  pe-  differences.    An    average   helium   abun- 

riod.  At  the  request  of  Sir  Richard  Wool-  dance  for  the  combined  data  is  0.097  by 

ley,  observations  also  have  been  made  of  number. 

the  a-type  variables  SW  Andromedae,  Dr.  Hyron  Spinrad  of  the  University 
TT  Lyncis,  XX  Andromedae,  and  XZ  of  California  at  Berkeley  and  Bahcall 
Draconis  between  phases  0.4  and  0.8 — a  obtained  deep  near-infrared  direct  photo- 
part  of  the  cycle  often  omitted  by  other  graphs  of  the  heavily  obscured  Maffei 
observers  whose  concern  is  more  for  the  galaxies  with  the  48-inch  Schmidt.  Hy- 
rising  branch.  persensitized  1-N  plates  were  used.    On 

At  least  12  photometric  standards  in  the  best  photographs,  Maffei  2  shows  the 

each  of  the  Selected  Areas  3,  5,  89,  91,  95,  structure  of  a  barred  spiral,  perhaps  of 
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Hubble-type  SBb.  Both  galaxies  can  be 
traced  to  a  relatively  large  angular  ex- 
tent, the  major  axis  of  Maffei  2  being  at 
least  13'  in  diameter.  Maffei  1,  the  large 
E  system,  naturally  also  appears  larger 
on  these  photographs  than  on  previous 
ones. 

Dr.  Jan  Olof  Stenflo  of  the  High  Alti- 
tude Observatory  and  Howard  have 
made  a  detailed  comparison  of  full-disk 
magnetograms  obtained  in  the  two  lines 
Fe  I  A5250  and  Fe  I  A5233.  Due  to  the 
filamentary  nature  of  solar  magnetic 
fields  and  the  characteristics  of  the  A5250 
line,  earlier  magnetograph  observations 
in  that  line  require  adjustment.  The 
strong  magnetic  fields  at  the  supergranu- 
lar  cell  boundaries  are  now  believed  to  be 
concentrated  in  tiny  regions  that  have  a 
higher  temperature,  downward  velocity, 
and  field  strengths  of  the  order  of  1  kilo- 
gauss.  As  the  A5250  line  is  very  tempera- 
ture sensitive  and  saturates  quickly  for 
strong  fields,  the  magnetograph  will 
show  an  average  field  that  is  too  small. 
The  A5233  line  is  much  broader  and  much 
less  sensitive  to  temperature  fluctuations, 
which  means  that  magnetograph  record- 
ings in  this  line  should  give  the  true  aver- 
age field  to  a  good  approximation. 

The  ratio  between  the  apparent  field 
strengths  measured  in  the  A5233  and  the 
A5250  lines  was  found  by  Howard  and 
Stenflo  to  decrease  when  one  goes  from 
center  to  limb.  At  the  center  of  the  disk  it 
is  of  the  order  of  2.5.  A  comparison  of 
not  only  the  field  strengths  but  also  the 
large-scale  fluxes  in  these  two  lines  made 
it  possible  to  estimate  how  large  a  part  of 
the  total  magnetic  flux  on  the  solar  sur- 
face is  channeled  through  narrow  fila- 
ments and  how  large  a  part  is  in  the 
interfilamentary  medium. 

Dr.  and  Mrs.  Stephen  E.  Strom  of  the 
State  University  of  New  York  at  Stony 
Brook  were  able  to  obtain  coude  spec- 
trograms at  9  A  mm"1  of  several  Ae  and 
Be  stars  associated  with  nebulosity.  From 
a  previous  study  of  these  stars  at  lower 
dispersion,  they  had  concluded  that  a 
large  majority  of  this  group  are  appar- 


ently young  stars  having  just  arrived  on 
the  main  sequence  or  still  in  the  pre-main 
sequence  contraction  phase.  This  was 
judged  from  quantitative  estimates  of 
their  luminosity,  from  hydrogen-line 
profiles,  and  from  observations  of  infra- 
red emission  from  circumstellar  dust 
shells.  The  purpose  of  their  Palomar 
investigation  was  to  determine  whether 
these  stars  were  surrounded  by  circum- 
stellar material  in  the  form  of  molecules. 
These  molecules  might  arise  either  as  a 
result  of  association  in  the  cool  outer  re- 
gions of  a  gas  outflow  from  the  stars  or 
by  dissociation  of  the  dust  already  known 
from  the  infrared  observations  to  sur- 
round these  stars.  Their  results  showed 
that  for  two  stars,  HD  250550  and  HD 
53367,  the  strengths  of  the  normally  de- 
tected interstellar  features  CH+,  CH,  and 
CN  had  equivalent  widths  in  the  inverse 
ratios  from  those  commonly  observed  in 
the  interstellar  medium.  The  CN  features 
had  equivalent  widths  on  the  order  of  50 
mA.  While  the  unusual  ratios  do  not 
necessarily  prove  that  the  molecular  fea- 
tures observed  are  circumstellar,  it  cer- 
tainly seems  that  the  material  in  the  line 
of  sight  to  this  selected  group  of  stars 
has  unusual  properties.  One  of  the  stars 
on  the  program,  Z  Canis  Majoris,  was 
found  by  Stein  and  Gilette  to  have  the 
highest  dust-shell  optical  depth  of  this 
class  of  Ae  and  Be  stars.  The  Stroms 
found  this  star  to  have  a  well-developed  G 
band  despite  the  presence  of  an  underly- 
ing B8  spectrum.  It  may  be  that  Z  CMa 
is  related  in  some  way  to  the  symbiotic 
stars,  but  as  yet  no  evidence  of  binary 
character  is  available.  The  Stroms  prefer 
the  tentative  explanation  that  the  fea- 
tures observed  represent  the  detection  of 
circumstellar  molecules.  Subsequent  radio 
observations  by  P.  Soloman  of  CO  emis- 
sion surrounding  Z  CMa  make  this  star 
worthy  of  further  investigation. 

In  eight  nights  with  the  48-inch  schmidt 
telescope,  Dr.  Gustav  A.  Tammann  of  the 
Basel  Astronomical  Institute  in  Switzer- 
land has  obtained  RGU  three-color  plates 
of  an  anticenter  field  (I  =  151°,  6  =  0°) 
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containing  the  open  clusters  NGC  1513 
and  1528.  Work  on  a  field  around  NGC 
2403  was  begun.  The  observations  consti- 
tute part  of  a  collaborative  program  with 
Dr.  W.  Becker  to  derive  density  and 
luminosity  functions  for  dwarf  and  giant 
stars  in  different  directions  in  the  Galaxy. 
Tammann  also  participated  in  a  joint 
effort  to  follow  photographically  the  light 
curve  of  the  strongly  blended  1970  super- 
nova in  M101. 

Dr.  Benjamin  J.  Taylor  of  Princeton 
University  Observatory  used  the  Prince- 
ton television  spectrometer  system  at  the 
60-inch  in  August  to  observe  the  H  and  K 
emission  cores  of  late  G  and  K  dwarfs  of 
known  metallicity  and  distance.  The  aim 
was  to  find  a  possible  dependence  of  the 
widths  of  the  emission  cores  on  metallic- 
ity among  main-sequence  stars.  Unfor- 
tunately, the  interpretation  of  the  data 
presented  difficulties  that  cannot  be  re- 
solved without  further  observations. 

Dr.  N.  Visvanathan  of  the  Harvard 
College  Observatory  has  used  the  prime 
focus  of  the  200-inch  telescope  to  obtain 
polarimetry  and  photometry  of  filaments 
at  distances  of  250  sec  from  the  nucleus 
of  M82^  The  purpose  is  to  check  the 
similarity  of  the  continuous  spectra  of 
these  and  nearer  filaments.  More  obser- 
vations of  the  patches  in  the  nearer  fila- 
ments have  been  obtained  with  the  multi- 
channel scanner-polarimeter.  In  the 
north  side  of  the  filamentary  structure  in 
the  patch  RG  (100  sec  from  the  nucleus) , 
the  line  Ha  is  found  to  be  linearly  polar- 
ized ;  the  degree  of  polarization  and  posi- 
tion angle  for  the  line  are  the  same  as 
those  for  the  adjacent  continuum. 

The  linear  polarization  of  the  main- 
and  sub-pulses  of  the  Crab  pulsar  has 
been  observed  in  ultraviolet  and  visual 
wavelengths  with  a  time  resolution  of  50 
fisec.  The  aim  is  to  study  the  wavelength 
dependence  of  polarization  of  radiation 
associated  with  different  parts  of  the 
pulses. 

Dr.  G.  Wallerstein  of  the  University  of 
Washington  has  been  concentrating  his 
observations    with    the    coude    spectro- 


graphs on  very  cool  stars  that  show  OH 
and  H20  emission  in  the  microwave  re- 
gion. The  purpose  of  the  program  is  to 
establish  a  kinematic  model  for  these 
objects  by  correlating  optical  velocities 
of  features  that  can  be  ascribed  to  a  hot 
chromospheric  or  cool  envelope  region 
with  the  velocities  measured  for  OH  and 
H20. 

The  most  extreme  dusty  star  of  this 
type  that  is  observable  in  the  optical  re- 
gion is  VY  Canis  Majoris.  During  the 
1970-71  season,  VY  CMa  became  fainter 
by  about  a  magnitude  in  the  visual.  The 
Ha  emission  line  shifted  to  the  violet 
from  +14  to  — 20  km  sec"1,  indicating 
new  activity  probably  associated  with 
mass  loss.  New  emission  features  identi- 
fied are  Rb  I  lines  as  well  as  TiO  and  VO 
band  heads.  An  ionization  temperature 
between  900°  and  1200°K  was  derived 
from  the  presence  of  sufficient  neutral 
rubidium  to  produce  the  Rb  I  emission 
lines.  From  the  presence  of  A6572  Ca  I 
and  the  absence  of  A6300  [O  I],  the 
allowed  range  of  NH  in  the  emitting  re- 
gion is  found  to  be  107  to  5  X  1012  atoms 
cm-3. 

The  semiregular  variable  VX  Sagitarii 
was  shown  during  rising  light  in  the 
autumn  of  1970  to  be  similar  to  VY  CMa 
(Astrophys.  Lett.  [England]  ,  7,  199-200, 
1971).  A  postmaximum  spectrum,  taken 
in  May  1971,  showed  Hy  and  H8  in  sharp 
emission  and  H/?  absent,  presumably  due 
to  overlying  absorption  by  TiO.  This 
phenomenon  is  well  known  in  long-period 
variables.  VX  Sgr  may  be  a  transition 
object  between  the  long-period  variables 
and  VY  CMa.  Its  period  (780-830  days) 
lies  between  that  of  the  long-period  vari- 
ables and  the  time  scale  of  the  variations 
of  VY  CMa  when  the  latter  is  active. 

Spectra  of  W  Cephei,  an  irregularly 
variable  M  supergiant  with  a  large  in- 
frared excess,  showed  emission  lines  of 
Fe  II  and  [Fe  II]  that  could  be  analyzed 
to  yield  a  temperature  in  the  envelope  of 
5000-6000  °K  and  an  electron  density  of 
2-4  X  109.  Much  of  the  infrared  excess 
out  to  8.4  n  can  be  explained  by  free-free 
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emission  from  an  envelope  of  radius  15 
A.U.  and  the  parameters  listed  above. 
The  upturn  in  emission  from  8.4  to  11.0  /a 
cannot  be  due  to  this  cause  but  must  be 
attributed  either  to  continuous  radiation 
from  dust  at  a  temperature  near  300  °K  or 
to  discrete  emission  lines.  Other  cool  stars 
under  observation  are  U  Orionis,  R 
Aquilae,  W  Hydrae,  S  Coronae  Borealis, 
U  Herculis,  CH  Cygni,  and  RX  Bootis. 

Wallerstein  is  also  investigating 
double-lined  spectroscopic  binaries  in  the 
Hyades  cluster  and  group  to  ascertain  if 
they  lie  on  the  sun-Sirius  mass-luminosity 
relation  or  on  Eggen's  mass-luminosity 
relation  for  the  Hyades.  Spectrograms 
of  51  Tauri  obtained  by  Deutsch  and 
measured  by  Miss  Lowen  were  analyzed 
by  Wallerstein  to  derive  an  orbit  with  a 
period  of  4035  days.  The  lines  of  the  A 
star  are  too  broad  for  accurate  measure- 
ment, so  minimum  masses  could  not  be 
derived.  However,  the  semimajor  axis  is 
so  large  (about  0".15)  that  observations 
of  lunar  occupations  of  51  Tau  can  yield 
the  orbital  inclination  and  semimajor 
axis,  and  hence  the  masses  and  distance. 
In  cooperation  with  Dr.  A.  H.  Batten  of 
the  Dominion  Astrophysical  Observatory, 
Wallerstein  has  been  deriving  a  spectro- 
scopic orbit  of  the  double-lined  binary 
HD  27149,  a  member  of  the  Hyades.  A 
preliminary  orbit  with  a  period  of  75.665 
days  has  been  obtained.  Other  elements 
are  K;l  ==  30  km  sec-1  and  K2  =  34  km 
sec-1 ;  the  eccentricity  is  in  the  neighbor- 
hood of  0.25.  These  elements  lead  to  mini- 
mum masses  of  0.96  and  0.88  9Tl0,  which 
lie  very  nearly  on  the  sun-Sirius  mass- 
luminosity  relation  for  these  stars,  whose 
types  are  G5V  and  G8V.  Eclipses  are 
possible,  but  a  more  accurate  determina- 
tion of  e  and  w  will  be  necessary  to  estab- 
lish the  time  of  eclipse  accurately. 

Dr.  Gary  A.  Welch  and  Mr.  Gummu- 
luru  N.  Sastry  of  the  Van  Vleck  Observa- 
tory at  Wesleyan  University  have  vir- 
tually completed  isodensitometry  for 
several  supergiant  cD  galaxies  and  nearby 
comparison  E  and  SO  galaxies  in  the  field. 
Microphotometer  scans  along  the  major 


axes  will  be  obtained  in  the  near  future. 
From  this  information  and  existing  photo- 
electric calibrations,  total  magnitudes 
and  surface-brightness  profiles  are  to  be 
obtained. 

Geometrical  parameters  have  been 
measured  for  172  bright  galaxies  in  the 
field  of  the  cluster  Abell  2199.  These 
include  location  in  the  cluster,  size,  orien- 
tation of  major  axis,  and  ellipticity.  A 
statistical  study  based  on  this  informa- 
tion is  nearing  completion. 

Welch  and  Sastry  have  examined  vari- 
ous methods  for  estimating  the  color  of 
faint  galaxies  on  their  plates.  With  the 
aid  of  one  or  more  such  methods,  an  in- 
vestigation of  the  distribution  of  galaxies 
of  various  colors  in  the  cluster  Abell  2199 
soon  will  be  launched. 

At  the  suggestion  of  Dr.  I.  M.  Wilcox 
of  the  University  of  California  at  Berke- 
ley and  Howard,  an  optical  system  pro- 
posed by  Dr.  Ira  Bowen  for  observing  the 
mean  photospheric  magnetic  field  has 
been  installed  at  the  150-foot  solar  tower 
at  Mount  Wilson  Observatory.  An  auxil- 
iary lens  of  focal  length  19  feet  is  inserted 
into  the  light  path  of  the  tower  at  a  posi- 
tion 63  feet  above  the  ground.  The  auxil- 
iary lens  can  be  moved  in  and  out  of 
position  by  means  of  a  vertical  rotating 
shaft.  With  the  auxiliary  lens  in  place, 
the  light  reaching  the  entrance  aperture 
of  the  solar  magnetograph  comes  from  all 
portions  of  the  sun,  and  is  therefore  suit- 
able for  a  Zeeman  measurement  of  the 
mean  photospheric  magnetic  field.  After 
the  daily  solar  magnetogram  has  been 
obtained,  approximately  20  minutes'  time 
is  devoted  to  an  observation  of  the  mean 
photospheric  field,  including  actual  ob- 
servation, background,  and  calibration 
procedures.  Preliminary  analysis  of  these 
observations  by  Wilcox  is  encouraging. 

Wilcox  and  Howard  have  been  investi- 
gating 5-minute  oscillations  in  the  photo- 
spheric magnetic  field,  also  with  the  150- 
foot  solar  tower.  The  existence  of  periodic 
oscillations  in  the  photospheric  magnetic 
field  has  been  demonstrated,  with  periods 
of  the  same  order  as  the  velocity  periods, 
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namely,  about  5  minutes.  The  magnetic 
oscillations  have  a  definite  phase  relation 
with  the  velocity  observations,  and  they 
exist  at  least  over  the  range  and  height 
covered  by  the  lines  A5250  Fe  I  to  A5173 
Mg  I.  The  amplitude  is  roughly  1  or  2 
gauss ;  the  oscillations  may  occur  both  in 
regions  of  weak  field  (less  than  5  gauss) 
and  in  regions  of  strong  field  0 — '80 
gauss). 

Mr.  J.  Winzer  of  the  David  Dunlap 
Observatory  has  been  studying  the  vari- 
ability of  Ap  stars  photoelectrically 
(UBV)    using   the   20-inch   reflector   on 


Palomar  Mountain.  Both  light  variations 
due  to  rotation  (with  periods  generally  of 
a  few  days)  and  variations  due  to  pulsa- 
tion (with  periods  of  a  few  hours)  are 
being  searched  for  in  all  Ap  stars  brighter 
than  magnitude  6.5  having  no  photo- 
electric light  curves  or  periods.  The  limit 
of  detection  of  variability  in  this  survey 
is  approximately  0.002  mag.  Preliminary 
results  indicate  that  about  half  of  the 
program  stars  have  amplitudes  greater 
than  0.01  mag.  No  pulsating  variables 
have  been  discovered. 


ASTROELECTRONICS    LABORATORY 


Under  the  supervision  of  Dennison,  the 
Laboratory  made  substantial  progress  in 
the  planning  and  installation  of  data  sys- 
tems and  telescope  control  systems.  Im- 
provements were  made  in  instruments  for 
the  measurement  of  plates.  Planning  was 
directed  toward  a  Digital  Image  Re- 
corder, a  system  judged  to  have  great 
potential  usefulness.  Laboratory  person- 
nel participated  in  setting  up  and  testing 
data  acquisition  systems  at  various  tele- 
scopes Kof  the  Observatories  to  meet  the 
changing  requirements  of  observers. 

Telescope  Control 

The  comprehensive  computer  system 
for  the  new  60-inch  telescope  at  Palomar 
Mountain  was  installed  during  this  year. 
This  system  has  been  used  to  assist  in 
optical  testing  and  is  now  ready  for  use 
with  photographic  and  photoelectric  ob- 
serving programs.  The  only  remaining 
task  is  to  link  the  arithmetic  program  for 
computing  the  dome  and  windscreen  posi- 
tions with  the  remaining  parts  of  the  pro- 
gram, which  have  been  completed  and 
tested. 

The  software  system  for  this  installa- 
tion, involving  approximately  70  subrou- 
tines, was  largely  completed.  It  contains 
35  input  or  output  subroutines  that  con- 
trol the  data  flow  to  and  from  various 
peripheral  devices,  such  as  the  CRT  dis- 
play, strip  printer,  clocks,  counters,  and 


timers.  Eleven  supervisory  and  ten  arith- 
metic subroutines  are  required.  The  re- 
maining fourteen  subroutines  are  re- 
quired for  code  conversion,  such  as  binary 
to  binary  coded  decimal,  TV  character 
generator  code  to  binary,  binary  to  strip 
printer,  and  format  preparation  for  the 
various  displays  and  output  devices.  The 
major  part  of  the  program  is  written  in 
assembly  language,  but  Fortran  language 
is  used  for  the  part  of  the  program  that 
computes  the  hour  angle  and  declination 
tracking  rates,  the  refraction  displace- 
ments, the  dome  and  windscreen  posi- 
tions, and  the  air  mass.  The  program  is 
complete  for  the  initial  observing  opera- 
tion for  which  it  was  designed,  but  further 
expansion  is  anticipated. 

The  200-inch  computer  system  hard- 
ware has  been  completed  and  the  modifi- 
cations to  the  software  system  that  are 
necessary  for  the  operation  of  the  multi- 
channel spectrophotometer  will  be  com- 
pleted by  about  September  1971.  This 
system  has  been  constructed  with  the  co- 
operation of  Oke. 

The  first  phase  of  installing  a  complete 
counter  system  for  the  150-foot  solar 
tower  has  been  completed,  with  the  co- 
operation of  Howard.  This  first  phase 
consisted  of  assembling  the  complete 
data-reduction  system  for  solar  magneto- 
grams.  The  second  phase,  which  consists 
of  an  instrument  control  and  data-collec- 
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tion  system,  will  be  completed  during  the 
coming  year.  This  data  system  will  con- 
trol all  of  the  observing  instrument  func- 
tions. A  third  phase  of  this  program  has 
been  to  design  and  construct  an  all-solid- 
state  power  circuit  system  for  the  control 
motors  of  the  150-foot  tower;  it  should 
be  completed  shortly.  This  control  sys- 
tem represents  the  current  state  of  the 
art  for  electrical  contro1  and  will  replace 
the  old  relay  system  that  has  been  in 
operation  for  approximately  sixty  years. 

Instrumental  Improvements  and  Tests 

With  the  cooperation  of  Sandage,  a 
small  data-collection  system  was  con- 
structed for  use  with  the  X-Y  measuring 
engine  at  Santa  Barbara  Street.  This  is 
a  duplicate  of  the  system  that  had  been 
designed  and  constructed  previously  for 
shared  use  between  the  X-Y  measuring 
engine  and  the  iris  photometer.  It  is  now 
possible  to  operate  both  instruments 
simultaneously. 

Several  programs  were  initiated  to 
improve  the  efficiency  of  image  recording. 
The  first  of  these  was  the  testing  of 
image-intensifier  tubes  with  fiber-optic 
face  plates.  These  tubes  can  be  used  to 
enhance  an  optical  image  before  record- 
ing on  photographic  materials.  The  fiber- 
optic output  face  plates  permit  simple 
coupling  without  the  use  of  transfer  lenses 
between  the  output  phosphor  and  the 
photographic  material.  Electrostatic 
image-intensifier  tubes  have  shown  sub- 
stantial promise  but  have  limited  resolu- 
tion. The  magnetically  focused  image- 
intensifier  tubes  have  superior  resolution, 
of  the  order  of  80  line  pairs  per  millimeter. 
With  these  tubes  the  primary  limitation 
on  resolution  is  the  photographic  emul- 
sion that  is  used  for  final  image  recording. 


It  is  expected  that  these  tubes  will  come 
into  increasingly  wide  usage. 

Because  the  multichannel  spectrometer 
and  the  image-tube  nebular  spectrograph 
can  record  images  too  faint  for  the  ob- 
server to  see  in  the  telescope  eyepiece, 
the  Laboratory  has  developed  in  associa- 
toin  with  the  Quantex  Corporation  of 
Mountain  View,  California,  a  closed- 
circuit  television  system  that  will  enable 
the  observer  to  see  faint  objects  directly. 
The  system  uses  a  Westinghouse  Second- 
ary Electron  Conduction  tube  operating 
in  an  integrating  mode  to  provide  the 
enhanced  image.  All  of  our  tests  indicate 
that  this  system  should  permit  the  ob- 
server to  see  images  that  are  approxi- 
mately 2.5  mag  fainter  (a  factor  of  10) 
than  he  can  see  with  the  unaided  eye  at 
the  telescope  eyepiece.  The  system  was 
constructed  during  the  year  and  labora- 
tory tests  initiated ;  it  appears  to  be  satis- 
factory, but  the  final  evaluation  will  not 
come  until  it  is  installed  on  the  200-inch 
telescope. 

The  instrumentation  group  at  the 
Princeton  University  Observatory  invited 
the  Laboratory  to  join  with  them  in  the 
development  of  a  Digital  Image  Re- 
corder. The  goal  of  this  project  is  to  de- 
velop an  image  recorder  that  will  detect 
and  identify  the  photoelectrons  generated 
at  the  first  photocathode  of  an  image 
intensifier.  The  position  of  each  photo- 
electron  will  be  recorded  in  a  digital 
memory  with  a  capacity  of  up  to  65,000 
counts  per  picture  element.  If  successful, 
this  instrument  should  permit  making 
photometric  measurements  of  astronom- 
ical optical  images  with  a  precision  of 
better  than  1%.  This  project  is  still  in  its 
initial  stages  but  offers  the  potential  of 
substantially  increasing  the  capability  of 
existing  large  telescopes. 


INSTRUMENTATION 

Palomar  60-Inch  Telescope 


The  new  60-inch  telescope  was  assem- 
bled and  the  Mayer  dome  facilities  were 


operation  by  the  engineering  staff  in  time 
for  the  formal  dedication  ceremonies  on 
October  23,  1970.    Several  months  were 


completed  at  Palomar  and  put  into  initial      required  thereafter  for  attention  to  me- 
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chanical  and  electrical  problems  and  for 
achieving  reliability  in  telescope  setting 
and  readout  functions,  but  these  are  now 
performing  satisfactorily.  Optical  testing 
on  stars,  with  slight  corrections  to  the 
optical  figure  of  the  primary  mirror,  is 
proceeding.  Hartmann  plates  are  being 
obtained;  after  measurement  and  reduc- 
tion, they  are  analyzed  with  a  new  com- 
puter program.  Small  deviations  from 
the  desired  figure  revealed  in  this  way 
are  being  corrected  by  Day  and  Fair  of 
the  Optical  Shop.  Fabrication  and  as- 
sembly of  auxiliary  instruments  are  being 
completed  under  a  separate  grant  (GP- 
13057)  from  the  National  Science  Foun- 
dation. 

Testing  of  Large  Telescope  Mirrors 

A  highly  refined  computer  program  for 
evaluating  the  optical  figure  of  telescope 
mirrors  from  Hartmann  tests  has  been 
developed  by  Vaughan  and  Clardy.  The 
procedure  differs  from  the  more  usual 
one  of  direct  integration  of  surface  slopes 
in  that  the  measured  slopes  are  first  fitted 
by  a  20x-term  polynomial  using  a  least- 
squares  procedure.  The  surface  error  is 
then  represented  by  a  computer-drawn 
contour  map  derived  from  the  analytic 
integral  of  the  polynomial.  Terms  repre- 
senting aberrations  caused  by  decollima- 
tion  errors  are  omitted,  so  that  the 
maps  provide  the  optician  with  a  clear 
indication  as  to  how  the  mirror  can  be 
improved  with  minimum  glass  removal. 
The  program  was  initiated  in  order  to 
expedite  the  final  figuring  of  the  optics  of 
the  Palomar  60-inch  telescope;  other  ap- 
plications are  foreseen,  including  testing 
of  the  optics  of  the  new  100-inch  telescope 
for  Las  Campanas. 

Palomar  Aluminizing  Facilities 

A  dust-free,  temperature-controlled  en- 
closure was  designed  and  constructed 
within  the  200-inch  dome  on  the  ground 
floor,  encompassing  the  84-inch  auxiliary 
vacuum  tank  and  a  mirror-preparation 


area.  Consolidation  of  permanent  pump- 
ing and  vacuum-test  equipment  within 
this  clean  room  will  now  permit  rapid 
recoating  of  all  Palomar  mirrors  except 
the  200-inch  at  any  time  of  the  year  with- 
out serious  interference  with  operations. 

Mount  Wilson  Telescope  Modernization 
and  Repair  Program 

Following  the  initial  tests  and  engi- 
neering study  by  Rule,  it  became  evident 
that  serious  polar-axis  bearing  friction 
and  consequent  tracking  oscillation  of  the 
100-inch  Hooker  Telescope  required  re- 
working of  the  north  and  south  defining 
bearings.  An  early  scheduled  shutdown 
for  this  was  arranged  in  July  1970  to 
permit  repairs  before  realuminizing  the 
100-inch  mirror  in  early  September.  The 
north  and  south  journal  bearings  of  the 
polar  axis  were  removed  and  found  to  be 
badly  scored  and  grooved.  The  journals 
were  reversed  (top  from  bottom)  and 
remachined,  with  grease  pressure  recesses 
to  provide  for  hydrostatic  support  and 
low  friction.  A  stable  grease  film  is  now 
established  by  hand  pumps  so  that  polar- 
axis  alignment  is  maintained  with  critical 
definition,  as  required  by  the  main  drive 
worm.  Tests  after  reassembly  recon- 
firmed the  value  of  the  modifications. 

In  view  of  excessive  bearing  friction 
and  mercury  leakage  related  to  the  north 
float  tank  of  the  polar  axis,  the  100-inch 
telescope  was  removed  from  regular  serv- 
ice for  the  month  of  February  1971  to 
permit  its  first  major  mechanical  over- 
haul in  fifty  years.  This  included  replace- 
ment of  all  polar-axis  electrical  cables 
and  fittings.  Upon  dismantling  the  north 
mercury-flotation  tank,  the  major  source 
of  mercury  leakage  was  found  to  be 
"weeping"  throughout  the  whole  lower 
portion  of  the  cast-iron  tank  sections. 
This  was  confirmed  by  die-penetration 
tests.  After  cleaning,  decontamination, 
and  mechanical  and  chemical  prepara- 
tion, the  tank  sections  were  treated  by 
the  application  of  Furane  plastic  Epocast 
No.  2  to  a  thickness  of  about  0.008  inch. 
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Subsequent  experience  indicates  that  the 
capillary  leakage  has  been  cured.  Ob- 
servers report  that  the  telescope  now  op- 
erates with  its  characteristic  precision 
and  smoothness. 

The  Mount  Wilson  60-inch  telescope 
was  out  of  service  for  the  interval  April  1 
to  25.  The  declination  trunnion  bearings 
were  repaired  and  new  thrust  bearings 
were  fabricated  and  installed.  Subse- 
quent adjustments  by  the  engineering 
staff  resulted  in  greatly  reduced  friction 
and  backlash. 

Infrared  Instrumentation 

Hansen  and  Westphal  developed  and 
constructed  a  new  IR  detector-filter  sys- 
tem that  features  cooled  filters  and  a 
cooled  variable  filter  wheel  installed  in  a 
special  liquid  helium-liquid  nitrogen 
dewar.  This  system,  attached  to  a  new 
photometer  built  by  Hansen,  using  a 
feedback-controlled  chopping  mirror  and 
an  IR/visible  dichroic  guider,  is  a  sig- 
nificant improvement  over  older  designs. 

A  simple  pulse-counting  data  system 
was  assembled  by  Westphal  to  serve  both 
the  broadband  visible-light  photometers 
and  the  IR  photometers  to  be  used  in 
Chile.  This  two-channel  system  records 
the  total  counts  in  each  channel  for  inte- 
gration times  from  1  to  128  seconds  and 
displays  on  a  strip-chart  recorder  the 
pulse  rate  of  each  channel  with  smoothing 
times  from  0.1  to  5  seconds. 


Computer 

A  Raytheon  703  computer  was  moved 
to  the  Santa  Barbara  Street  laboratories 
from  the  Astroelectronics  Laboratory 
during  the  report  year.  It  is  now  in  full- 
time  use  in  the  reduction  of  solar  and 
other  data.  This  computer  has  a  32K 
core  memory  of  16-bit  words,  an  auxil- 
iary disk  memory  of  nearly  800,000 
words,  and  a  line  printer,  card  reader, 
plotter,  CRT,  and  card  punch  as  periph- 
eral equipment.  Plans  call  for  moving 
the  computer  to  the  150- foot  tower  tele- 
scope when  additional  devices  are  ready. 
There  it  will  be  used  to  control  the  tele- 
scope and  for  the  collection  and  reduction 
of  data.  The  principal  source  of  funds  for 
this  program  is  the  National  Aeronautics 
and  Space  Administration. 

Bowen  has  designed  a  6-inch  cemented 
apochromatic  lens  for  the  75-foot  Littrow 
spectrograph  of  the  150- foot  solar  tower 
telescope.  The  central  element  is  fluorite. 
This  lens  is  intended  to  replace  an  old  air- 
spaced  doublet  that  has  long  been  in  use 
at  the  tower.  The  new  lens  has  been  fab- 
ricated by  the  Perkin-Elmer  Corporation, 
and  in  preliminary  tests  it  appears  to  be 
of  very  high  quality.  Bowen  has  also 
designed  a  12-inch  cemented  apochromat 
to  replace  the  existing  objective  lens  of 
the  150-foot  tower.  This  lens  also  is  being 
purchased  from  the  Perkin-Elmer  Cor- 
poration. Funds  for  the  fabrication  of 
these  two  lenses  have  come  from  the 
National  Science  Foundation. 


BIG     BEAR    SOLAR    OBSERVATORY 


Considerable  progress  has  been  made  in 
the  development  of  the  Solar  Observatory 
at  Big  Bear  Lake.  A  causeway  has  now 
been  completed  that  provides  access  with- 
out the  use  of  boats.  The  spectrograph 
was  delivered  by  the  Boiler  and  Chivens 
Company  and  an  electronic  control  sys- 
tem was  completed  in  the  Spring  of  1971. 
The  new  declination  drive  works  very 
well,  and  the  right-ascension  drive  is  now 
being  rebuilt.    All  the  mirror  cells  have 


now  been  fitted  with  tilt  motion  so  that 
the  mirrors  may  be  aligned  readily.  A 
new  singlet  lens  made  by  Johnson  of  the 
Optical  Shop  was  installed ;  it  gives  excel- 
lent results,  as  does  the  lens  earlier  com- 
pleted by  Day.  A  new  8.6-inch  vacuum 
telescope  was  installed  on  the  telescope 
tube  to  obtain  pictures  of  the  whole  sun 
for  assimilation  of  observations  of  the 
kind  planned  for  Skylab.  The  new  tele- 
scope obtains  pictures  of  the  entire  sun 
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with  resolution  of  about  2  arc-sec,  and 
should  be  a  powerful  tool  for  studying  the 
long  term  development  of  solar  activity. 

The  seeing  is  sufficiently  good  to  ex- 
ploit the  full  resolving  power  of  the  10- 
inch  refractors.  Plans  are  now  under  way 


for  replacement  of  the  present  Big  Bear 
tube  with  a  26-inch  vacuum  telescope; 
this  is  the  prototype  of  the  photohelio- 
graph  apparatus  that  has  been  under  de- 
velopment for  some  years. 


LAS    CAMPANAS    OBSERVATORY 


Adkison  had  general  administrative 
responsibility  for  site  development  at  Las 
Campanas,  including  contracts,  legal 
problems,  purchasing,  shipping,  and  com- 
munications. Wagner  had  local  super- 
visory responsibility  in  Chile. 

The  Las  Campanas  road  was  com- 
pleted in  August  1970.  The  temporary 
camp  on  the  mountain  was  expanded  to 
accommodate  some  20  people,  while  the 
local  office  at  Colina  el  Pino  in  La  Serena 
was  enlarged  and  improved.  The  20,000- 
gallon  reservoir  in  the  Quebrada  Las 
Breas  de  San  Antonio  was  supplemented 
by  construction  of  a  30,000-gallon  reser- 
voir on  the  Las  Campanas  ridge  at  Cerro 
Manqui.  A  mile  of  water  pipe  was  laid 
to  bring  water  to  the  site  of  the  40-inch 
telescope,  to  the  University  of  Toronto's 
auxiliary  building,  and  to  two  temporary 
dormitories  for  observers.  High-pressure 
water  pumps  and  50,000  feet  of  pipe  were 
delivered  to  Las  Campanas  for  later  com- 
pletion of  the  water  system  by  project 
personnel.  Some  6000  cubic  meters  of 
water  from  the  Las  Breas  wells  were  used 
by  the  contractor  in  the  course  of  road 
construction;  no  significant  effect  on  the 
water  level  was  noted.  Five  major  ship- 
ments of  building  materials,  pipe,  vehi- 
cles, and  heavy  equipment  were  made 
from  Los  Angeles  Harbor  to  Coquimbo, 
Chile.  That  of  April  21,  1971,  included 
the  parts  of  the  40-inch  telescope.  Among 
the  items  of  heavy  equipment  acquired 
by  the  project  were  a  25-ton  mobile  crane, 
a  D-8  tractor,  two  large  trucks,  a  motor 
grader,  a  road  compactor,  and  four  gen- 
erators. 

Construction  of  the  building  to  house 
the  40-inch  telescope  was  begun  by  the 
contracting  firm  of  Mena  and  Williams  in 


December  1970  with  pouring  of  the  foun- 
dation. The  building,  including  installa- 
tion of  the  rotating  steel  dome,  was  com- 
pleted in  May  1971,  and  the  telescope  was 
installed  by  May  15.  Initial  tests  and 
alignment  of  the  telescope  were  accom- 
plished by  Vaughan  with  the  collabora- 
tion of  technicians  from  the  Boiler  and 
Chivens  Division  of  the  Perkin-Elmer 
Corporation,  manufacturers  of  the  tele- 
scope. Optical  tests  by  Vaughan  and  by 
Kristian  indicated  that  certain  problems 
related  to  support  of  the  primary  mirror 
and  to  the  performance  of  the  optical  sys- 
tem remained  to  be  resolved.  The  tele- 
scope was  put  into  limited  operation, 
however,  and  one  of  the  first  observers 
was  Dr.  Kent  Ford  of  the  Department  of 
Terrestrial  Magnetism,  who  made  effec- 
tive use  of  a  spectrograph  employing  a 
Carnegie  image  tube. 

Project  personnel  also  prepared  for  the 
erection  of  the  refurbished  10-inch  refrac- 
tor from  Mount  Wilson  and  assisted  the 
contractor  in  erection  of  the  24-inch  tele- 
scope dome  and  auxiliary  building  for  the 
University  of  Toronto. 

Mr.  Richard  W.  Rose,  AIA,  of  Pasa- 
dena visited  Las  Campanas  to  develop 
the  design  for  the  lodge. 

100-Inch  Du  Pont  Telescope 

In  December  1970  the  Trustees  of  the 
Carnegie  Institution  authorized  construc- 
tion of  a  100-inch  telescope  for  the  Las 
Campanas  Observatory  to  be  designed  by 
the  Staff  of  the  Hale  Observatories.  A 
Las  Campanas  Committee  of  seven  mem- 
bers was  established  to  guide  the  project 
and  to  review  major  decisions.  Rule  was 
appointed   Project   Officer   for  the  tele- 
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scope  with  principal  responsibility  for  its 
design  and  construction. 

It  was  decided  that  the  design  of  the 
new  telescope  would  be  innovative,  ac- 
cording to  the  latest  state  of  the  art,  and 
that  it  would  be  fully  equipped  with  a 
variety  of  auxiliary  instruments  required 
for  coping  with  current  research  prob- 
lems. The  plans  as  developed  after  an 
engineering  feasibility  study  by  Rule  call 
for  a  fork-mounted  telescope  to  be  used 
primarily  at  the  Cassegrain  focus,  but 
with  provision  for  an  efficient  coude  op- 
tical system.  The  optical  design  was 
developed  by  Bowen  and  Vaughan.  The 
primary  mirror  will  have  a  focal  ratio  of 
f/3;  focal  ratios  will  be  f/7.5  and  f/30 
at  the  Cassegrain  and  coude  foci,  respec- 
tively. The  telescope  will  have  a  flip  cage 
but  no  provision  for  observing  at  the 
prime  focus.  The  optical  design  calls  for 
modified  Ritchey-Chretien  optics  with  a 
special  fused-silica  corrector  lens  of  the 
Gascoigne  type  in  front  of  the  Cassegrain 
focus  to  eliminate  astigmatism.  The 
Cassegrain  system  will  provide  unusual 
capability  for  wide-angle  photography. 
The  design  yields  monochromatic  images 
smaller  than  0.2  arc-sec  over  a  field 
1.5°  X  1-5°.  When  emulsions  sensitized 
in  the  ultraviolet-to-blue  regions  are 
used,  chromatic  aberration  of  the  cor- 
rector increases  the  image  size  to  about 
0.8  sec  in  the  extreme  corners  of  the  field, 
but  to  less  than  0.5  sec  elsewhere.  In  the 
red,  images  are  smaller  than  0.5  sec  at  all 
points.  The  telescope  will  accommodate 
plates  twenty  inches  square,  which  will 
be  bent  (by  vacuum)  to  a  radius  of  356 
inches. 

The  coude  optical  system  is  designed  to 
be  particularly  effective  for  stars  within 
70°  of  the  South  Pole.  Employing  only 
three    reflections,    it    involves    computer 


control  of  the  coude  flat  mirror,  which 
will  reflect  the  beam  nearly  horizontally 
to  a  fixed  position  south  of  the  telesccpe. 
This  unusual  coude  system  has  the  ad- 
vantage that  only  one  oblique  reflection 
is  required,  and  that  will  be  at  a  moderate 
angle  of  incidence. 

To  conduct  the  engineering,  procure- 
ment, and  construction  administration 
for  this  telescope  and  dome,  Rule,  as 
Project  Officer,  has  set  up  in  leased  space 
facilities  a  staff  consisting,  as  a  nucleus, 
of  R,  Haskell  (Project  Engineer),  S. 
Jensen  (Mechanical  Engineer),  E.  Snoddy 
(Engineering  Designer),  and  Mrs.  Betty 
Browne,  secretary. 

Progress  has  been  made  in  getting 
major  designs  and  procurement  con- 
tracts formalized  for  a  closely  controlled 
construction  schedule,  including  the  fol- 
lowing initial  tasks: 

1.  Preliminary  engineering  design 
models  and  specifications  for  all  major 
subassemblies,  such  as  fork,  tube,  flip 
case,  flat  mount,  mirror  cells,  optical  sys- 
tem, and  general  dome  arrangement,  are 
ready  for  final  engineering  design  and 
analysis. 

2.  The  primary  mirror  blank  of  fused 
silica  (Corning  No.  7940)  has  been  de- 
signed and  ordered  (April  1971)  from 
Corning  Glass  Works  for  delivery  about 
the  end  of  October  1971. 

3.  The  100-inch  mount  concept  and 
optical  system  has  been  checked  out  and 
was  adopted  May  18,  1971,  with  Las 
Campanas  Committee  approval. 

4.  Design  details  and  specifications  for 
the  three  light-weight  secondary  mirror 
blanks  and  the  Cassegrain  corrector  plate 
have  been  completed  and  orders  have 
been  placed  for  delivery  at  the  same  time 
as  the  primary  blank. 
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INTRODUCTION 


Biochemical  investigations.  In  1771  Jo- 
seph Priestley  discovered  that  plants  were 
able  to  restore  the  value  of  air  that  had 
been  exhausted  by  the  breathing  of 
animals.  This  was  the  beginning  of  re- 
search on  photosynthesis.  That  historical 
event  was  marked  by  a  symposium  on 
photosynthesis  at  the  National  Academy 
of  Sciences  in  April  of  this  year  and  again 
at  the  second  meeting  of  the  International 
Photosynthesis  Congress  at  Stresa,  Italy, 
in  June.  This  anniversary  has  led  to 
some  considerations  about  the  changes  in 
the  state  of  science  and  the  nature  of 
scientific  investigation  during  the  past 
200  years.  The  mechanism  of  photosyn- 
thesis is  now  a  subject  of  great  interest  to 
a  number  of  investigators  throughout  the 
world.  A  characteristic  of  this  field,  as  of 
others  that  are  rapidly  developing,  is  that 
the  more  knowledge  is  gained,  the  greater 
becomes  the  list  of  unanswered  questions. 
As  knowledge  accumulates,  it  is  possible 
to  ask  many  more  questions  at  an  ever 
deeper  level  of  understanding.  The  ques- 
tion "What  is  photosynthesis?"  has  been 
answered  over  and  over  again,  each  time 
in  different  terms  and  at  a  more  funda- 
mental level,  as  new  techniques  and  other 
varieties  of  experience  are  brought  to 
bear. 

An  understanding  of  photosynthesis  re- 
quires a  knowledge  of  how  the  light- 
trapping  centers  function  and  how  numer- 
ous electron  carriers  react  with  the 
light-trapping  centers  and  with  each 
other.  Over  the  past  several  years  exten- 
sive studies  have  been  carried  out  both 
here  and  at  other  laboratories  in  order  to 
elucidate  the  electron-transport  reactions 
of  photosynthesis.  To  date,  several  elec- 
tron-transport intermediates  are  known. 
Some  years  ago,  Dr.  de  Kouchkovsky,  a 
Research  Fellow  from  the  Laboratoire  de 
Photosynthese  in  France,  and  Dr.  Fork 
found  spectroscopic  evidence  that  plasto- 
cyanin,  a  copper  protein  discovered  by 


Dr.  Katoh  at  the  University  of  Tokyo, 
was  functioning  as  one  of  the  electron 
carriers  linking  the  two  light  reactions  of 
photosynthesis.  They  found  that  system 
2  (the  oxygen-evolving  system)  appar- 
ently reduces  plastocyanin,  while  system 
1  oxidizes  it.  Further  research  done  by 
Dr.  Fork  and  Dr.  Urbach,  a  Fellow  from 
the  University  of  Wiirzburg,  indicated 
that  the  reaction  center  of  system  1 
(P700)  oxidized  the  /-type  cytochrome 
found  in  green  plants  and  that  this  cyto- 
chrome, in  turn,  oxidized  plastocyanin. 
Work  in  several  other  laboratories,  how- 
ever, seemed  to  indicate  that  plastocyanin 
and  not  cytochrome  /  served  as  the  elec- 
tron donor  to  P700,  because  cytochrome 
oxidation  could  be  restored  in  chloro- 
plasts  inactivated  by  detergent  treatment 
by  simply  adding  back  a  solution  of 
purified  plastocyanin. 

The  availability  of  a  system  1  particle 
prepared  by  a  nondetergent  method  (ac- 
cording to  procedures  developed  by  Drs. 
Michel  and  Michel-Wolwertz  during  their 
visit  to  the  laboratory  in  1967)  allowed 
Dr.  Fork  and  Dr.  Murata,  a  Fellow  from 
the  University  of  Tokyo,  to  investigate 
further  the  interactions  between  the  reac- 
tion center  of  system  1,  cytochrome  /,  and 
plastocyanin.  They  found  that  almost  all 
of  the  plastocyanin  had  leached  out  of  the 
system  1  particles  during  preparation  in 
the  pressure  cell  and  that  the  cytochrome 
/  to  P700  electron  transfer  could  never- 
theless take  place  as  rapidly  as  in  intact, 
unbroken  chloroplasts.  Furthermore,  they 
noted  that  rapid  electron  transfer  from 
cytochrome  /  to  P700  was  abolished  com- 
pletely when  the  chloroplasts  were  treated 
with  detergent.  They  also  were  able  to 
see  a  restoration  of  cytochrome  /  oxida- 
tion upon  addition  of  a  purified  solution 
of  plastocyanin,  but  this  restored  oxida- 
tion was  about  100  times  slower  than  the 
rapid  cytochrome  /  oxidation  seen  prior 
to  detergent  treatment  and  probably  rep- 
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resented  a  nonphysiological  reaction  un- 
related to  the  natural  reactions  occurring 
in  vivo. 

Drs.  Murata  and  Fork  also  found  that 
the  heavy  particle  obtained  by  the 
Michels'  nondetergent  fragmentation  pro- 
cedure had  lost  almost  all  of  its  plasto- 
cyanin  during  preparation.  According  to 
research  done  in  Prof.  Roderic  Park's 
laboratory  at  the  University  of  California 
in  Berkeley,  these  particles  apparently 
originate  in  the  grana-stack  regions  of 
the  chloroplast.  Even  though  these  par- 
ticles contain  very  little  plastocyanin,  Dr. 
Fork  found  that  they  could  still  perform 
rapid  cytochrome  /  to  P700  electron 
transfers  quite  analogous  to  those  ob- 
served in  the  system  1  particle.  Unlike 
the  latter  particles,  which  originate  from 
the  stroma  regions  of  the  chloroplasts, 
according  to  Prof.  Park's  group,  the 
grana-stack  particle  contains  both  photo- 
systems  1  and  2  and  can  use  the  electrons 
originating  from  water  to  reduce  the 
NADP  that  is  required  for  C02  fixation. 

Interestingly  enough,  Dr.  Fork  further 
found  that  in  these  gr/ana-stack  particles 
system  2  brought  about  the  oxidation  of 
cytochrome  6-559.  Oxidation  of  this  cyto- 
chrome by  system  2  under  physiological 
conditions  had  not  been  noted  previously. 
Dr.  Fork  found  that  the  oxidation  was 
too  slow  to  allow  it  to  be  placed  in  the 
main  flow  of  electron  transport  in  photo- 
synthesis. Much  work  remains  to  be  done 
to  elucidate  the  role  of  this  cytochrome  in 
photosynthesis,  particularly  in  view  of 
the  fact  that  it  may  exist  in  two  different 
forms — one  having  a  high,  and  another 
a  low,  redox  potential. 

During  the  brief  visit  of  Dr.  A.  Rubin 
from  the  University  of  Moscow,  he  and 
Dr.  Fork  were  able  to  investigate  the 
effect  of  an  uncoupler  of  photophosphory- 
lation  on  the  kinetics  of  cytochrome  /  and 
on  the  carotenoid/chlorophyll  b  absorp- 
tion change  in  spinach  chloroplasts. 

The  study  of  the  different  forms  of 
chlorophyll  in  chloroplast  fractions  at 
liquid  nitrogen  temperature,  reported  last 
year,  had  shown  the   existence   of  four 


major  forms  of  chlorophyll  a  that  always 
have  the  same  peak  wavelengths — 662, 
670,  677,  and  683  nm.  This  year's  work 
has  confirmed  the  reproducibility  of  the 
wavelength  peaks,  but  has  made  it  very 
clear  that  the  half-widths  of  these  com- 
ponents differ  in  various  species  of  algae 
and  also  in  the  two  chloroplast  fractions. 
The  long-wavelength  forms  of  chloro- 
phyll a  in  the  690  to  710  nm  region  have 
not  yet  been  as  well  defined  because  of 
their  comparatively  small  heights.  A 
number  of  questions  remain  about  the 
band  shapes  of  the  chlorophyll  compo- 
nents in  low-temperature  spectra  of  algae. 
We  have,  nevertheless,  prepared  the  low- 
temperature  work  for  publication  and 
have  begun  to  use  the  conclusions  from 
those  curve  analyses  for  the  far  more 
difficult  problem  of  characterizing  the 
forms  of  chlorophyll  in  spectra  measured 
at  room  temperature.  There,  the  greater 
diffuseness  of  the  bands  makes  them 
harder  to  identify  with  certainty. 

One  ultimate  purpose  of  analyzing  ab- 
sorption spectra  in  terms  of  the  spectra  of 
the  individual  forms  of  chlorophyll  is  to 
evaluate  the  comparative  activity  of  the 
different  forms  in  each  of  the  two  photo- 
systems  of  photosynthesis.  The  ability  to 
define  the  fraction  of  any  incident  mono- 
chromatic wavelength  in  the  red  region 
that  is  absorbed  by  each  form  of  chloro- 
phyll is  of  critical  importance  for  a  quan- 
titative understanding  of  action  spectra 
and  of  energy  transfer.  It  cannot  yet  be 
done. 

From  low-temperature  spectra  we  can 
estimate  approximately  the  relative 
amounts  of  each  form  of  chlorophyll  in  a 
given  sample.  This  information  can  be 
used  as  an  aid  in  the  characterization  of 
room-temperature  spectra,  but  we  are 
still  unable  to  attain  satisfactory  agree- 
ment on  the  proportions  of  the  different 
forms  of  chlorophyll  from  curve  analyses 
of  the  low-temperature  and  room-tem- 
perature spectra  of  the  same  samples. 

Action  spectra  should  define  the  char- 
acteristics of  active  pigments  in  the  pres- 
ence of  other  colored  but  inactive  mate- 
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rial.  Thus  we  hope  to  be  able  to  use 
action  spectra,  as  well  as  room-tempera- 
ture absorption  measurements,  to  deter- 
mine the  absorption  spectra  of  the  differ- 
ent forms  of  chlorophyll  as  they  function 
in  either  photosystem.  In  the  hope  of 
getting  results  comparable  in  accuracy  to 
the  measurements  of  absorption  spectra, 
we  have  this  year  made  some  further  im- 
provements in  the  methods  for  measuring 
action  spectra  that  were  described  last 
year  by  Prof.  Halldal.  Most  of  the  changes 
have  been  the  inclusion  of  minor  correc- 
tion factors  that  had  not  previously 
seemed  significant.  Some  difficulties  still 
remain  although  rough  results  can  be  at- 
tained in  a  routine  way.  In  addition  to 
the  refinement  of  the  measurements  and 
calculation  procedures  made  by  Mr. 
Chapman  and  Mr.  Lawrence,  an  explora- 
tion of  the  photochemical  activities  of 
chloroplast  fractions  from  a  number  of 
different  algae  has  been  made  by  Dr. 
Brown.  This  survey  has  shown  the  com- 
parative merits  of  different  species  as 
material  for  future  studies  of  action 
spectra. 

Physiological  ecology.  In  recent  years 
the  research  by  this  group  of  investiga- 
tors has  centered  on  mechanisms  of 
photosynthetic  adaptation  to  the  greatly 
diverse  natural  habitats  occupied  by 
higher  plants.  As  an  integral  part  of  this 
research,  extensive  studies  have  been 
conducted  to  elucidate  the  functional  and 
adaptive  significance  of  the  C4  dicarboxy- 
lic  acid,  or  /?-carboxylation,  pathway  of 
photosynthetic  C02  fixation.  This  path- 
way was  discovered  a  few  years  ago  by 
Kortschak,  Burr,  and  Hartt  in  sugar-cane 
and  by  Hatch  and  Slack  in  a  number  of 
species  from  warm,  arid  environments. 
It  was  originally  thought  that  the  C4 
pathway  replaces  the  C3  pathway  of  C02 
fixation  by  carboxydismutase  in  the  Cal- 
vin-Benson cycle.  Subsequent  work  by 
Drs.  Bjorkman,  Gauhl,  and  Berry  sug- 
gested, however,  that  the  C4  pathway 
does  not  replace  the  Calvin  cycle,  but 
rather  that  it  serves,  in  effect,  as  a  C02- 
concentrating  mechanism  for  C02  fixa- 


tion by  the  Calvin  cycle,  a  view  which 
now  appears  to  have  gained  wide  accept- 
ance. In  the  current  view,  C02  from  the 
atmosphere  is  fixed  by  the  C4  pathway 
in  the  mesophyll  cells  and  the  products  of 
this  fixation  are  then  transported  to  the 
bundle-sheath  cells,  where  they  are  de- 
carboxylated,  and  the  C02  thus  formed 
is  refixed  by  the  Calvin  cycle. 

Comparative  studies  of  Atriplex  species 
possessing  the  C4  pathway  (C4  species) 
and  those  lacking  this  pathway  (C3 
species)  showed  that  most  of  the  differ- 
ences in  photosynthetic  gas  exchange 
characteristics  between  Cs  and  C4  species 
can  be  attributed  to  the  absence  of  an  02 
inhibition  of  photosynthesis  in  the  latter. 
Results  obtained  this  year  provide  con- 
clusive evidence  that  the  02  inhibition  of 
both  the  apparent  quantum  yield  and  the 
light-saturated  rate  of  photosynthesis  in 
C3  plants  in  normal  air  is  suppressed  if 
the  C02  concentration  inside  the  leaf  is 
considerably  increased.  This  shows  that 
a  C02-concentrating  mechanism  in  C4 
plants  could  suppress  the  inhibitory  effect 
of  atmospheric  02  concentration  on 
photosynthetic  C02  fixation  by  the  Cal- 
vin cycle. 

The  C02  concentration  in  the  photo- 
synthesizing  cells  decreases  with  increas- 
ing temperature  and,  as  a  result  of 
stomatal  closure,  also  with  increasing 
water  stress.  Thus,  the  beneficial  effect 
of  a  C02-concentrating  mechanism  would 
be  greatest  in  hot,  arid  environments,  i.e., 
where  C4  species  predominantly  occur  in 
nature.  Field  studies  of  C4  plants  in  the 
extreme  environment  of  Death  Valley 
were  made  during  the  year  by  Drs. 
Pearcy  and  Bjorkman,  in  collaboration 
with  Prof.  Harold  Mooney  and  Mr.  Ty- 
rone Harrison  of  Stanford  University. 
Photosynthesis  of  the  C4  species  Tide- 
stromia  oblongifolia  proved  to  be  remark- 
ably well  adapted  to  operate  under  the 
extremely  high  temperatures  prevailing 
during  the  period  of  active  growth  in  its 
native  habitat  on  the  Death  Valley  floor. 
The  photosynthetic  rate  was  very  high 
and  reached  its  noon  maximum  at  the 
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high  leaf  temperatures  of  46°  to  50 °C  mental  results  obtained  by  Dr.  Bjorkman. 
which  occurred  at  this  time.  Optimum  Continued  comparative  studies  of  artii- 
photosynthetic  rate  at  the  intensity  of  ficially  produced  Fi,  F2,  and  F3  hybrids 
noon  sunlight  was  obtained  at  47 °C.  At  between  C3  and  C4  species  of  Atriplex  by 
this  temperature,  the  photosynthetic  rate  Drs.  Nobs,  Bjorkman,  and  Berry  provide 
was  essentially  directly  proportional  to  further  evidence  that  spatial  compart- 
light  intensity  up  to  full  sunlight.  It  mentation  of  the  C02  fixation  reactions 
seems  likely  that  the  extraordinary  into  C4  dicarboxylic  acids  and  3-phospho- 
photosynthetic  performance  of  this  glycerate  is  necessary  for  efficient  opera- 
species  at  high  temperatures  is  largely  tion  of  C4  photosynthesis.  The  results 
attributable  to  the  presence  of  the  C4  indicate  that  the  number  of  genes  deter- 
pathway,  coupled  with  an  unusually  high  mining  the  inheritance  of  each  specific 
temperature  stability  of  its  photosyn-  component  of  the  C4  pathway  is  small; 
thetic  apparatus.  however,  the  apparent  necessity  of  co- 
Information  on  the  mechanism  under-  ordination  and  compartmentation  of  the 
lying  the  inhibitory  effect  of  02  on  photo-  components  indicates  that  the  proper 
synthetic  C02  uptake  by  C3  plants  is  im-  recombination  of  all  of  them  in  segregat- 
portant  to  understanding  the  interactions  ing  hybrid  populations  would  probably 
of  various  factors  on  photosynthetic  per-  be  an  infrequent  occurrence.  Methods 
formance  in  different  natural  environ-  permitting  a  reasonably  rapid  screening 
ments.  This  mechanism  is  still  not  under-  of  a  great  number  of  hybrid  individuals 
stood  in  spite  of  considerable  work  in  our  for  efficient  C4  photosynthesis  are  there- 
own  laboratory  and  those  of  many  others,  fore  needed.  Progress  in  developing  such 
but  considerable  progress  has  been  made  a  method  has  been  made  during  the  year, 
during  the  year.  Drs.  Ogren  and  Bowes  Dr.  Nobs  has  also  attempted  several  new 
at  the  University  of  Illinois  found  that  crosses  between  C3  and  C4  species  of 
C02  fixation  by  carboxydismutase  in  Atriplex.  Of  these  crosses,  A.  rosea  X 
vitro  is  competitively  inhibited  by  02,  a  A.  glabriuscula  has  yielded  Fi  hybrids 
finding  which  was  independently  con-  with  more  regular  reduction  divisions 
firmed  by  Dr.  Berry.  A  similar  mecha-  than  obtained  in  the  previous  hybrids 
nism  operating  in  vivo  could  explain  the  and  thus  promises  to  permit  a  greater 
competitive  effect  of  02  on  C02  uptake  exchange  between  the  two  genomes, 
at  high  light  intensities,  but  it  seems  Comparative  studies  of  C3  and  C4 
unlikely  that  it  could  explain  the  effect  species  and  of  their  hybrids  have  pro- 
on  quantum  yield  at  rate-limiting  light  vided  very  strong  evidence  that  the  C4 
intensities  as  shown  by  Dr.  Bjorkman.  pathway  and  associated  photosynthetic 
Oxidation  of  the  RuDP-carboxydismutase  characteristics  are  genetically  determined, 
complex  to  form  phosphoglycolate  and  Additional  studies  by  Drs.  Bjorkman  and 
the  subsequent  photorespiratory  metabo-  Pearcy  also  show  that  the  expression  of 
lism  of  glycolate  could,  however,  result  these  characteristics  does  not  require  that 
in  a  reduced  quantum  yield,  a  postulate  the  plants  be  grown  under  a  temperature 
which  is  currently  being  investigated  by  regime  similar  to  that  prevailing  in  the 
Drs.  Bowes  and  Berry.  This  year  Dr.  natural  habitats.  The  C4  species  A.  rosea 
Anthony  Hall,  a  postdoctoral  Fellow  retained  its  "C4"  photosynthetic  charac- 
from  the  University  of  California  at  teristics  when  grown  at  temperatures 
Davis,  constructed  a  mathematical  model  close  to  the  lower  limit  for  growth.  Sim- 
of  leaf  photosynthesis  which  incorporates  ilarly,  the  related  C3  species  A.  patula 
the  above  hypothesis.  It  predicts  re-  retained  its  "C3"  characteristics  when  it 
sponses  in  vivo  for  light-limited  C02  was  grown  at  temperatures  close  to  the 
uptake  to  C02  and  02  concentrations  that  upper  limit  for  growth, 
are  in  close  agreement  with  the  experi-  Drs.  Bjorkman  and  Pearcy  also  studied 
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the  Arrhenius  activation  energy  for 
photosynthesis  at  low  temperature  in  a 
wide  diversity  of  C3  and  C4  species  from 
habitats  with  greatly  contrasting  temper- 
atures and  grown  at  very  different  tem- 
peratures. No  appreciable  differences  in 
activation  energies  were  obtained,  sug- 
gesting that  the  same  component  step  of 
photosynthesis,  probably  the  carboxy- 
dismutase-catalyzed  fixation  of  C02,  is 
rate  limiting  at  low  temperatures  in  C3  as 
well  as  in  C4  species.  There  was  also  no 
evidence  for  the  existence  of  differences 
among  higher  plants  in  intrinsic  proper- 
ties of  rate-limiting  enzymes  as  a  result 
of  either  environmentally  induced  or  ge- 
netically determined  adaptations  to  cold 
habitats.  Such  adaptations  appear  to  be 
attributable  to  quantitative  changes  in 
the  relative  capacities  of  different  compo- 
nent steps  of  photosynthesis. 

Dr.  Ernesto  Medina,  an  Institution  Re- 
search Fellow  now  with  the  Institute 
Venezolano  de  Investigaciones  Cientifi- 


cas,  Caracas,  completed  a  study  on  the 
effect  of  the  interaction  between  light 
intensity  during  growth  and  nitrogen 
supply  to  the  roots  on  the  photosynthetic 
capacity  of  Atriplex  patula  leaves.  He 
found  that  a  lowered  nitrate  concentra- 
tion in  the  root  medium  caused  a  strong 
reduction  in  photosynthetic  capacity 
when  the  plants  were  grown  in  strong 
light,  but  the  same  reduction  in  nitrate 
concentration  had  no  appreciable  effect 
when  the  plants  were  grown  in  weak 
light.  Photosynthetic  capacity  was 
highly  correlated  with  carboxydismutase 
activity,  whether  the  variation  in  these 
characteristics  was  caused  by  growing 
the  plants  at  different  light  intensities  or 
at  different  nitrate  concentrations.  This 
provides  further  evidence  that  changes  in 
intrinsic  photosynthetic  capacity  in  re- 
sponse to  major  environmental  factors  in 
the  field  are  often,  at  least  in  part,  related 
to  effects  on  the  level  of  carboxydismutase. 


BIOCHEMICAL    INVESTIGATIONS 


Studies  of  Light-Induced  Changes  of 

Absorption  in  Fraction  1  Particles 

Derived    from    Spinach    Chloro- 

plasts  by  French  Pressure  Cell 

Treatment 

Norio  Murata  and  David  C.  Fork 

Last  year  (Year  Book  69,  p.  682)  we 
studied  fraction  1  particles  prepared  by  a 
procedure  described  by  Michel  and 
Michel-Wolwertz  {Year  Book  67,  p.  508) 
whereby  spinach  chloroplasts  are  broken 
in  a  French  pressure  cell  and  the  result- 
ing fragments  centrifuged  on  a  sucrose- 
density  gradient.  It  was  found  that  P700 
and  cytochrome  /  were  oxidized  by  light 
and  reduced  by  an  artificial  electron 
donor  system  such  as  ascorbate  and  DAD 
(2,3,5,6-tetramethyl-p-phenylenediamine) 
but  not  by  reduced  plastocyanin.  More- 
over, the  oxidation  of  cytochrome  /  took 
place  within  1  msec.  Treatment  of  these 
system   1    particles    with    the    detergent 


Triton  X-100  changed  them  so  that  the 
artificial  electron  donor  system  was  no 
longer  effective ;  however,  reduced  plasto- 
cyanin or  algal  c-type  cytochromes  with 
low  isoelectric  points  became  effective 
electron  donors  to  P700.  Detergent  treat- 
ment retarded  the  rate  of  light-induced 
cytochrome  /  oxidation  remarkably. 
These  findings  led  us  to  the  conclusion 
that  the  system  1  particles  prepared  using 
the  French  pressure  cell  have  an  electron- 
transport  system  that  is  more  nearly  in- 
tact than  that  in  particles  prepared  by 
using  detergent  or  sonic  treatment. 

In  this  study  we  have  investigated 
three  different  light-induced  absorbance 
changes  in  the  fraction  1  particles  in 
addition  to  the  above-mentioned  changes. 
One  change  appears  to  result  from  light- 
induced  reduction  of  cytochrome  66.  Ab- 
sorbance changes  with  a  minimum  at  480 
nra  and  a  maximum  at  515  nm  in  the 
difference  spectrum  were  seen  that  were 


462 


CARNEGIE     INSTITUTION 


sensitive  to  the  uncouplers  CCCP  (car- 
bonylcyanide-3-chlorophenylhydrazone) 
and  Gramicidin  D.  Another  unknown 
component  was  found  that  produced  ab- 
sorption changes  having  a  broad  positive 
band  covering  the  region  from  500  to  570 
nm. 

Illumination  of  system  1  particles  with 
continuous  light  produced  changes  in 
their  absorption  spectrum  that  reached 
a  steady  level  in  the  light  at  all  wave- 
lengths examined  after  about  0.5  sec.  The 
absorbance  difference  between  the  light 
and  dark  steady  states  was  used  to  con- 
struct the  light-induced  difference  spec- 
trum shown  in  Fig.  1.  The  negative  peaks 
at  423  and  553  nm  can  be  attributed  to 
light-induced  oxidation  of  cytochrome  /, 
and  the  positive  peak  at  562  nm  to  photo- 


reduction  of  cytochrome  66.  The  positive 
peak  at  512  nm  and  the  negative  one  at 
480  nm  can  be  ascribed  to  the  well-known 
515-nm  change  commonly  seen  in  higher 
plants  and  in  certain  green  algae.  The 
oxidation  of  P700  probably  contributes  to 
the  absorbance  decreases  in  the  430  to 
435  nm  region. 

Figure  2  shows  the  absorbance  changes 
measured  with  a  different  sample  and 
plotted  on  an  expanded  wavelength  scale 
from  460  to  575  nm.  Without  CCCP 
(open  circles)  there  are  positive  peaks  at 
512  and  562  nm,  a  shoulder  at  540  nm, 
and  negative  peaks  at  479  and  553  nm. 
After  the  addition  of  4  fxM  of  the  un- 
coupler  of  photophosphorylation,  CCCP 
(solid  circles),  the  positive  peak  at  512 
nm  and  the  negative  peak  at  479  nm  dis- 
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Fig.  1.  Light-induced  difference  spectrum  in  system  1  particles  of  spinach  chloroplasts.  The 
steady-state  levels  with  and  without  illumination  were  taken.  Bandwidth  of  measuring  light  was 
2  nm.  Thickness  of  cuvette  was  0.5  cm.  Reaction  mixture:  250  ml  sucrose,  150  mM  KC1,  50  ml 
tricine-KOH  buffer  (pH  7.8),  1  mM  ascorbate  and  0.05  mM  DAD.  The  chlorophyll  concentra- 
tion was  34  fiM.  The  red  actinic  light  was  obtained  by  using  Schott  RG5  and  Balzers  Calflex-C 
niters  and  a  2.7-cm-thick  water  filter.  It  had  an  intensity  of  about  3.9  X  105  erg  cm-2  sec-1  in  a 
broad  band  extending  from  650  to  750  nm. 
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Fig.  2.  Light-induced  difference  spectra  in  system  1  particles  of  spinach  chloroplasts.  Same  con- 
ditions as  for  Fig.  1  except  that  chlorophyll  concentration  was  50  fiM.  Open  circles:  no  CCCP. 
Closed  circles:  4  /xilf  CCCP.   Thin  line:  difference  between  them. 


appeared  and  new  positive  peaks  ap- 
peared at  500  and  537  nm.  Absorbance 
changes  of  cytochromes  /  and  b6  were  not 
influenced  by  this  uncoupler.  The  spec- 
trum of  the  difference  between  the  two 
curves  with  and  without  CCCP  (thin  line 
in  Fig.  2)  has  a  maximum  at  514  nm  and 
a  minimum  at  480  nm  and  an  isosbestic 
point  at  500  nm.  A  further  addition  of 
CCCP  to  a  final  concentration  of  12  \xM 
did  not  produce  any  more  change  in  the 
light-induced  difference  spectrum. 

Figure  3a  shows  the  time  courses  of  ab- 
sorbance changes  at  several  wavelengths 
induced  by  continuous  red  actinic  light. 
A  small  positive  transient  change  that 
was  followed  by  a  slow  decrease  of  ab- 
sorbance was  seen  at  552.5  nm,  where 
cytochrome  /  shows  the  maximum  ab- 
sorbance change  in  its  «-band  upon  oxi- 
dation-reduction. The  steady  level  of  the 
change  was  negative.  A  light-induced  in- 
crease of  absorbance  was  seen  at  562.5 


nm,  a  wavelength  near  which  cytochrome 
66  shows  a  maximum  absorbance  change. 

Upon  actinic  illumination,  a  slow  ab- 
sorbance decrease  was  seen  at  480  nm, 
which  slowly  reversed  after  darkening. 
At  500  nm  a  rapid  absorbance  increase 
was  seen  upon  illumination,  followed  by 
a  slow  decline  to  a  steady  level  slightly 
higher  than  the  dark  level.  The  largest 
change  in  the  green  region  was  seen  at 
515  nm,  where  the  absorbance  increased 
rapidly  upon  illumination  and  stayed  at 
about  the  same  level.  The  time  course  at 
540  nm  was  similar  to  that  at  500  nm, 
although  the  decline  after  the  initial  rise 
was  not  so  steep. 

After  addition  of  4  /xM  CCCP  (Fig.  3b) 
the  absorbance  change  at  480  nm  disap- 
peared and  the  time  courses  at  515  and 
540  nm  were  modified  somewhat.  CCCP 
had  no  effect  on  the  change  at  500  nm, 
where  there  is  an  isosbestic  point  of  the 
515-nm  change.  Figure  3c  shows  a  plot  of 
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the  difference  between  the  time  courses  of 
absorption  changes  at  515  nm  with  and 
without  CCCP.  This  time  course  is  the 
same  as  that  seen  at  480  nm  before  addi- 
tion of  CCCP  (but  with  reversed  sign). 
Therefore,  the  515-nm  change  that  is  sen- 
sitive to  the  uncoupler  responds  slowly  to 
continuous  actinic  light  and  the  uncoupler- 
resistant  change  responds  rapidly  to  light. 
At  540  nm  where  the  overlap  of  the  515- 
nm  change  is  small  there  is  little  effect  of 
CCCP  on  this  time  course. 

Another  uncoupler  of  photophosphory- 
lation,  Gramicidin  D,  also  suppressed  the 
515-nm  change.  The  dependence  of  the 
480-nm  and  515-nm  absorbance  changes 
upon  the  concentration  of  Gramicidin  D 
is  given  in  Fig.  4.  Half  inhibition  for 
both  changes  occurred  at  about  10"8  M. 


The  515-nm  change  that  remains  at  con- 
centrations higher  than  3  X  10~7  M  is 
most  likely  caused  by  the  uncoupler- 
resistant  change  that  overlaps  the  515- 
nm  change. 

The  effects  of  other  concentrations  of 
DAD  were  measured.  With  DAD  con- 
centrations ranging  from  0  to  50  fxM,  the 
changes  of  cytochromes  /  and  66  were 
seen,  along  with  the  uncoupler-resistant 
change,  with  peaks  at  500  and  540  nm. 
These  changes  were  smaller  at  DAD  con- 
centrations higher  than  50  fxM.  On  the 
other  hand,  the  515-nm  change  was  ob- 
served at  50-150  fxM  DAD  and  was 
diminished  when  the  DAD  concentration 
was  less  than  5  \*M. 

The  time  courses  of  the  absorbance 
changes  at  435,  505,  and  703  nm  in  the 


(a)  No  CCCP 
552.5 

t         \ 

On        Off 

480 


**I+*S<~> 


500 


AA 
5xlCr4 


515 


t    \ 


sec 


540 


(b)  4/jM  CCCP 
480 


f         \ 


500 


t     \ 


515 


540 


(c)  Control  minus  CCCP 


515 


Fig.  3.  Time  courses  of  light-induced  absorbance  changes  at  480,  500,  515,  540,  552.5  and  562.5 
nm  in  system  1  particles.  Experimental  conditions  were  the  same  as  in  Fig.  1.  Chlorophyll  con- 
centration, 50  fiM.  Time  constant  of  measuring  system  was  5  msec,  (a)  no  CCCP  (b)  4  fiM 
CCCP  (c)  difference  at  515  nm. 
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Fig.  4.  Effect  of  Gramicidin  D  concentration  on  light-induced  absorbance  changes  at  515  nm  and 
480  nm.  Experimental  conditions  were  the  same  as  in  Fig.  1  except  for  bandwidth  of  measuring 
light,  which  was  3  nm.    Chlorophyll  concentration,  36  fiM . 


presence  of  4  \xM  CCCP  were  compared 
(Fig.  5) .  These  time  courses  are  qualita- 
tively similar  in  shape  except  for  their 
reversed  relationships.  However,  the  de- 
cline during  the  actinic  illumination  was 
about  60%  of  the  change  at  the  onset 
time  at  505  nm,  while  it  was  only  15%  at 
703  nm. 

Figure  6  shows  the  difference  spectrum 
for  absorbance  changes  that  could  be  in- 
duced by  brief  flashes  of  light  (8  /xsec  for 


10%  intensity  level).  The  peaks  at  405, 
420,  and  553  nm  are  attributable  to  the 
oxidation  of  cytochrome  /,  the  peak  at 
563  nm  to  the  reduction  of  cytochrome  b6, 
and  the  peaks  at  477  and  512  nm  to  the 
"480-515  nm  change."  This  spectrum 
also  indicates  that  P700  appears  to  be 
oxidized,  as  judged  from  the  negative 
change  in  the  430-435  nm  region.  The 
flash-induced  difference  spectrum  was 
like  that  seen  when  continuous  actinic 
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Fig.  5.  Time  courses  of  absorbance  changes  at  435,  505,  and  703  nm  induced  by  continuous 
illumination.  Experimental  conditions  were  the  same  as  in  Fig.  3.  Chlorophyll  concentration,  34 
fiM.  CCCP  (4  /xM)  was  added.  For  measurements  at  703  nm,  blue  actinic  light  was  used  and  was 
denned  by  2  Corning  9782  (CS  4-96)  glass  filters.  This  beam  had  a  band  of  wavelengths  extending 
from  about  390  to  590  nm  and  an  intensity  of  1.1  X  105  erg  cm-2  sec-1.  A  second  photomultiplier 
was  then  used  in  conjunction  with  a  differential  amplifier  to  cancel  out  signals  due  to  fluorescence. 
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Fig.  6.  Difference  spectrum  induced  by  flash 
illumination  of  system  1  particles.  Bandwidth  of 
measuring  light,  3  nm.  Duration  of  the  red 
actinic  flash  (obtained  as  described  in  Fig.  1) 
was  8  /usee  for  10%  intensity  of  the  maximum. 
Thickness  of  cuvette,  1  cm.  Reaction  mixture 
was  200  ml  sucrose,  150  ml  KC1,  50  mM 
tricine-KOH  buffer  (pH  7.8),  1.7  mM  ascorbate, 
8  fxM  DAD.  Chlorophyll  concentration  was  12 
fiM.  Time  constant  of  measuring  system  was 
1  msec. 


light  was  used,  except  that  the  amounts 
of  the  515-nm  change  and  P700  oxida- 
tion were  small  compared  to  the  cyto- 
chrome /  changes. 


The  kinetics  of  absorbance  changes  at 
500,  515,  and  535  nm  induced  by  flash 
illumination  are  compared  in  Fig.  7.  It 
can  be  seen  that  the  uncoupler  CCCP 
accelerated  the  dark  decay  of  the  absorb- 
ance change  at  515  nm.  The  absorbance 
changes  at  500  and  535  nm  were  little 
affected  by  this  uncoupler. 

The  shape  of  the  light-induced  differ- 
ence spectrum  with  its  positive  peak  at 
515  nm  and  negative  peak  at  480  nm,  in 
addition  to  the  sensitivity  of  these 
changes  to  uncouplers,  shows  that  these 
changes  are  the  same  as  the  so-called 
515-nm  change  observed  in  other  organ- 
isms. 

This  change  was  first  seen  in  Chlorella 
by  Duysens  (Year  Book  53,  p.  166). 
Similar  changes  have  been  found  in  many 
photosynthetic  organisms,  including 
higher  plants,  algae,  and  photosynthetic 
bacteria.  A  characteristic  feature  of  the 
change  is  its  rapid  response  to  light  in 
less  than  1  /xsec  (Hildreth  et  al.,  1966; 
Wolff  et  al.,  1969)  and  its  high  sensitiv- 
ity to  uncouplers  of  phosphorylation 
(Junge  et  al,  1968;  Neumann  et  al., 
1970;  Fleischman  and  Clayton,  1968; 
Okada  et  al.,  1970).  This  change  seems 
to  be  produced  by  chlorophyll  b  and 
carotenoids  or  by  carotenoids  alone 
(Fork,  1969;  Hildreth,  1970). 
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Fig.  7.  Effect  of  CCCP  on  flash-induced  absorbance  changes  at  500,  515,  and  535  nm.   Experi- 
mental conditions  were  the  same  as  described  in  Fig.  6  except  for  addition  of  CCCP. 
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In  these  system  1  particles  it  was  nec- 
essary to  add  electron  carriers  such  as 
DAD  in  order  to  see  this  light-induced 
change.  DAD  may  function  as  a  bridge 
for  cyclic  electron  transport.  A  recent 
concept  of  the  515-nm  change  is  that  it  is 
produced  by  a  conformational  change 
related  to  phosphorylation  (Rumberg  and 
Siggel,  1968;  Witt  et  al,  1969).  It  was 
seen  that  uncouplers  of  phosphorylation 
such  as  CCCP  and  Gramicidin  D  inhib- 
ited the  515-nm  change  in  these  particles. 

After  CCCP  addition  an  unknown  ab- 
sorption increase  persisted  that  had  a 
broad  spectrum  with  peaks  at  500  and  537 
nm  and  a  trough  in  between.  An  attempt 
was  made  to  separate  the  difference  spec- 
trum observed  in  the  presence  of  CCCP 
(see  Fig.  2)  into  its  separate  components. 
Figure  8  shows  the  analysis  that  seems 
most  reasonable.  The  three  components 
that  were  considered  to  make  up  the 
measured  curve  were  cytochromes  /  and 
60  and  the  unknown  broad-absorption 
change.  We  used  the  oxidized-minus- 
reduced  difference  spectrum  of  Porphyra 


cytochrome  553  (kindly  supplied  by  Dr. 
A.  Mitsui)  for  the  light-induced  oxidation 
of  cytochrome  /.  Subtraction  of  the  esti- 
mated contribution  of  cytochromes  /  and 
bG  from  the  overall  measured  spectrum 
gave  the  spectrum  shown  in  Fig.  8  by  the 
solid  line. 

It  is  not  known  what  substance  pro- 
duces this  broad,  uncoupler-insensitive 
change.  However,  P700  seems  to  be  the 
most  plausible  substance.  Hiyama  and 
Ke  (1971)  observed  a  similar  light- 
induced  absorbance  increase  in  system  1 
particles  prepared  with  detergent,  and 
ascribed  it  to  the  oxidation  of  P700. 

Cytochrome  bc>  has  been  found  in  the 
system  1  particles  prepared  with  deter- 
gent treatment  (Anderson  and  Boardman, 
1966).  Cramer  and  Butler  (1967)  ob- 
served a  reduction  of  this  cytochrome 
upon  illumination  with  long-wavelength 
light.  It  was  clearly  seen  here  in  system 
1  particles  that  cytochrome  66  is  reduced 
by  system  1  if  an  electron  donor  system 
is  present. 
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Fig.  8.  The  analysis  of  the  difference  spectrum  observed  in  the  presence  of  CCCP  (see  Fig.  2). 
The  difference  spectrum  remaining  after  accounting  for  the  contributions  of  cytochromes  /  and 
bo  is  labeled  "difference"  and  represents  the  absorption  change  that  is  insensitive  to  CCCP  and 
has  a  broad  absorption  spectrum  in  this  region. 
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Oxidation-Reduction    Reactions    of 
System    1   Particles   Prepared   by 
French    Pressure   Cell   Treat- 
ment of  Spinach  Chloroplasts 

Norio  Murata  and  David  C.  Fork 

Methods  have  been  developed  to  sep- 
arate chloroplasts  into  two  kinds  of  par- 
ticles: system  1-rich  and  system  2-rich 
(Anderson  and  Boardman,  1966;  Jacobi 
and  Lehmann,  1968;  Michel  and  Michel- 
Wolwertz,  1969;  Wessels,  1963).  Michel 
and  Michel-Wolwertz  employed  French 


pressure  treatment  to  disintegrate  spinach 
chloroplasts  and  succeeded  in  the  separa- 
tion of  small  particles  having  only  system 
1  activity  and  large  particles  having  sys- 
tem 2  and  weak  system  1  activities 
(Michel  and  Michel-Wolwertz,  1969; 
Murata  and  Brown,  1970) .  We  have  been 
studying  {Year  Book  69,  p.  682;  Fork 
and  Murata,  1971 ;  Murata  and  Fork, 
1971 ;  this  Year  Book)  the  photochemical 
activities  and  electron  transport  reactions 
of  the  system  1  particles  prepared  accord- 
ing to  the  procedure  of  Michel  and 
Michel-Wolwertz.  The  electron  transport 
reactions  in  these  particles  were  found  to 
be  different  from  those  in  the  system  1 
particles  prepared  by  other  methods  of 
disintegrating  chloroplasts,  such  as  treat- 
ment with  detergent  or  sonic  oscillation. 
In  the  particles  prepared  by  detergent 
treatment  or  sonic  oscillation  added 
plastocyanin  efficiently  reduces  P700  in  a 
dark  reaction,  but  artificial  carriers  such 
as  DCIP  (2,6-dichlorophenolindophenol) 
and  DAD  (2,3,5,6-tetramethyl-p-phenyl- 
enediamine)  do  not  reduce  P700  efficiently 
(Fork  and  Murata,  1971).  In  the  particles 
prepared  with  the  French  pressure  treat- 
ment, on  the  other  hand,  added  plasto- 
cyanin has  no  effect  on  the  reduction  of 
P700,  but  artificial  electron  carriers  donate 
electrons  to  P700  as  efficiently  as  in  the 
untreated  chloroplasts.  It  is  possible  that 
some  plastocyanin  is  tightly  bound  in 
the  particles  prepared  with  the  French 
pressure  cell  and,  therefore,  that  adding 
more  plastocyanin  to  them  produces  no 
effect.  Another  possibility  is  that  plasto- 
cyanin is  absent  from  these  particles  and 
that  it  does  not  function  between  cyto- 
chrome /  andP700.  This  question,  whether 
plastocyanin  is  situated  between  P700  and 
cytochrome  /  in  the  electron  transport 
pathway  and  whether  it  is  the  electron 
acceptor  of  artificial  electron  carriers 
such  as  DCIP  and  DAD,  is  thus  not  yet 
resolved.  The  determination  of  plasto- 
cyanin content  in  the  particles  prepared 
by  French  pressure  treatment  would, 
therefore,  be  expected  to  supply  some 
information  about  the  function  of  plasto- 


DEPARTMENT    OF     PLANT     BIOLOGY 


469 


cyanin  in  the  electron  transport  reactions. 
Also,  since  addition  of  Triton  X-100  to 
French  press-treated  particles  interrupts 
the  rapid  electron  transport  between 
cytochrome  /  and  P700  and  permits 
added  plastocyanin  to  reduce  P700  effi- 
ciently, it  would  be  of  interest  to  investi- 
gate the  effect  of  various  concentrations 
of  Triton  X-100  upon  the  reactions  of 
cytochrome  /  and  the  effectiveness  of 
electron  donation  by  artificial  electron 
carriers  and  plastocyanin. 

The  system  1  and  system  2  particles 
were  prepared  from  spinach  chloroplasts 
according  to  the  method  of  Michel  and 
Michel-Wolwertz  (1969).  In  some  cases, 
a  step-wise  sucrose  gradient  having  den- 
sities of  12.5  and  22.5%,  instead  of  the 
linear  gradient  of  12.5  to  50%,  was  used 
for  obtaining  a  large  amount  of  system  1 
particles.  The  chlorophyll  a  to  6  ratios 
ranged  between  6.5  and  8.0  in  the  system 
1  particles,  and  between  2.5  and  2.7  in  the 
system  2-rich  particles.  Light-induced 
absorbance  changes  of  the  particles  were 
measured  by  the  methods  described  by 
Fork  and  Murata,  1971. 

For  the  determination  of  the  plasto- 
cyanin content,  the  system  1  particles  ob- 
tained in  the  top  band  of  the  sucrose 
density  gradient  were  recentrifuged  at 
144,000  X  g  for  60  min  after  5  times  dilu- 
tion with  the  buffer  solution,  150  ml 
KC1  and  50  ml  Tricine-KOH,  pH  7.8. 
Almost  all  of  the  particles  could  be  col- 
lected as  a  precipitate.  The  system  2-rich 
particles  obtained  at  the  bottom  of  the 
sucrose  density  gradient  were  collected 
by  a  centrifugation  at  20,000  X  g  for  15 
min  after  the  above-mentioned  dilution. 
These  particles,  as  well  as  chloroplasts, 
were  treated  and  washed  with  80%  ace- 
tone until  the  acetone  solution  was  color- 
less. The  acetone  powders  thus  obtained 
were  extracted  with  20  ml  phosphate 
buffer,  pH  7.2  for  12  hours.  To  determine 
the  content  of  plastocyanin  which  was 
released  by  the  French  pressure  cell  treat- 
ment, the  top  layer  on  the  sucrose  grad- 
ient was  dialyzed  against  20  m.M  phos- 
phate buffer,  pH  7.2,  and  then  subjected 


to  DEAE-cellulose  column  chromatog- 
raphy. The  column  was  washed  with  50 
ml  phosphate  buffer,  pH  7.2.  The  plas- 
tocyanin adsorbed  on  the  column  was 
eluted  with  200  ml  phosphate  buffer,  pH 
7.2.  This  procedure  removed  colored 
materials  and  facilitated  the  detection  of 
plastocyanin.  The  plastocyanin  in  these 
solutions  was  estimated  from  the  differ- 
ence in  absorption  at  593  and  700  nm 
after  addition  of  ferricyanide  and  then 
ascorbate.  Molar  extinction  coefficients, 
9.8  X  103  at  593  nm  and  3.2  X  103  at 
700  nm,  were  used  for  the  calculations 
(KatoheiaL,  1962). 

The  results  are  summarized  in  Table  1. 
In  the  chloroplasts,  the  molar  ratio  of 
chlorophyll  to  plastocyanin  was  500  to 
800,  in  good  agreement  with  the  values 
obtained  by  Katoh  et  al.,  1961.  The  ratio 
of  chlorophyll  to  plastocyanin  was  less 
than  3500  in  the  system  1  particles,  and 
was  less  than  7000  in  the  system  2-rich 
particles.  These  values  were  much  larger 
than  that  in  the  untreated  chloroplasts. 
A  great  amount  of  plastocyanin  was 
found  in  the  top  layer  over  the  sucrose 
density  gradient.  It  comprised  about  80% 
of  the  total  plastocyanin  in  the  original 
chloroplasts.  Since  all  of  the  top  layer 
was  not  collected  in  this  determination, 
more  than  80%  of  the  total  plastocyanin 
must  have  been  present  in  the  superna- 
tant. 

These  findings  indicate  that  almost  all 
of  the  plastocyanin  is  released  from 
chloroplast  particles  after  treatment  with 
the  French  pressure  cell.  However,  there 
was  no  stimulatory  effect  of  added  plasto- 
cyanin in  reducing  P700  and  cytochrome 
/  in  the  fractionated  particles  (Fork  and 


TABLE  1.    Ratios  of  Chlorophyll  to  Plasto- 
cyanin in  Chloroplasts  and  Their  Fractions 


Particle 


Chlorophyll  /  Plastocyanin 
(molar  basis) 


Chloroplasts 
Fraction  1 
Fraction  2 


500  to  800 
3500 
7000 
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Murata,  1971;  Year  Book  69,  p.  682). 
We  can  conclude,  therefore,  that  plasto- 
cyanin  is  not  included  in  the  electron 
transport  reactions  from  DAD  to  P700 
nor  from  cytochrome  /  to  P700  in  the 
system  1  particles. 

The  correlation  was  investigated  be- 
tween the  disappearance  of  P700  reduc- 
tion activity  with  artificial  electron  donors 


and  the  appearance  of  P700  reduction 
activity  with  reduced  plastocyanin  which 
is  induced  by  detergent  treatment  of  sys- 
tem 1  particles.  Figure  9  shows  the  effects 
of  various  concentrations  of  Triton  X-100 
on  the  oxidation-reduction  reactions  of 
P700  and  cytochrome  /  in  the  system  1 
particles.  The  absorbance  changes  were 
induced  by  actinic  light  strong  enough  to 
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Fig.  9.  Effects  of  Triton  X-100  on  dark  reduction  of  P700  and  light-induced  cytochrome  / 
oxidation.  The  system  1  particles  suspended  in  400  mill  sucrose,  150  ml  KC1,  and  50  ml  Tricine- 
KOH  buffer,  pH  7.8,  were  incubated  at  0°C  for  13  min  with  Triton  X-100  at  concentrations  given 
in  the  figure.  The  suspension  was  then  5  times  diluted  with  150  ml  KC1,  1  ml  sodium  ascor- 
bate,  10  fiM  methyl  viologen,  and  50  mM  Tricine-KOH  buffer,  pH  7.8.  Actinic  light  used  for 
measurement  of  cytochrome  /  change :  a  broad  band  of  red  light  having  wavelengths  extending 
from  650  to  about  750  nm,  obtained  by  filtering  light  from  a  650-w  quartz  iodine  lamp  through 
2.7  cm  of  water,  a  Schott  RG  5  red  cut-off  filter  (3  mm),  and  a  Balzers  Calflex  C  heat-reflecting 
filter.  The  intensity  of  this  beam  was  about  3.9  X  105  erg  cm-2  sec"1.  Actinic  light  used  for  meas- 
urement of  P700  change:  a  broad  band  of  blue  light  extending  from  about  370  to  540  nm,  having 
a  peak  around  430  nm  and  a  half  band  of  about  100  nm.  This  blue  beam  had  an  intensity  of  5.5 
X  104  erg  cm"2  sec"1  and  was  defined  by  using  Calflex  C  and  Corning  9782  (CS  4-96)  and  5030  (CS 
5-57)  glass  filters,  (a)  The  initial  rate  of  dark  reduction  of  P700  after  a  1-sec  exposure  to  actinic 
light.  The  light-induced  absorbance  change  of  P700  was  measured  at  703  nm  according  to  the 
method  described  by  Fork  and  Murata,  1971.  Open  circles:  dark  reduction  rate  of  P700  in  the 
presence  of  20  /jlM  DAD.  Closed  circles:  dark  reduction  rate  of  P700  in  the  presence  of  2  nM 
plastocyanin.  (b)  Extent  of  light-induced  cytochrome  /  oxidation  (triangles).  Absorbance  changes 
were  measured  at  420  and  435  nm.  The  cytochrome  /  change  at  420  nm  was  estimated  by  subtract- 
ing the  contribution  of  the  P700  change  at  this  wavelength  according  to  the  method  described  by 
Fork  and  Murata,  1971.   Fifty  /xM  DAD  was  added  to  the  reaction  medium. 
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produce  trie  maximum  changes  in  P700 
and  cytochrome  /.  The  dark  reduction 
of  P700  after  actinic  illumination  for  1 
sec  was  measured  to  estimate  the  efficiency 
of  electron  donor  systems  to  reduce  P700 
(Fig.  9a) .  At  low  concentrations  of  Tri- 
ton X-100  the  reduction  rate  was  high 
with  DAD  and  low  with  plastocyanin.  At 
high  concentrations,  on  the  other  hand, 
the  rate  was  low  with  DAD  and  high  with 
plastocyanin.  However,  the  rate  with 
DAD  dropped  from  the  high  to  the  low 
level  between  0.01  and  0.03%  Triton  X- 
100,  and  the  rate  with  plastocyanin  rose 
from  the  low  to  the  high  level  between 
0.03  and  0.1%  Triton  X-100.  At  0.03% 
of  the  detergent,  consequently,  the  reduc- 
tion rate  of  P700  was  at  the  low  level  on 
addition  of  both  DAD  and  plastocyanin. 
These  findings  suggest  that  different 
mechanisms  exist  for  the  suppression  of 
P700  reduction  with  DAD  and  the  stimu- 
lation of  P700  reduction  with  plasto- 
cyanin by  the  addition  of  Triton  X-100. 

Cytochrome  /  is  oxidized  within  1  msec 
on  illumination  of  the  system  1  particles, 
and  its  oxidation  does  not  occur  in  the 
presence  of  Triton  X-100  (Fork  and 
Murata,  1971).  Figure  9b  shows  the 
dependence  of  this  fast  oxidation  of  cyto- 
chrome /  upon  concentration  of  Triton 
X-100.  The  rapid  light-induced  oxidation 
disappeared  at  concentrations  ranging 
between  0.01  and  0.03%  Triton  X-100, 
thus  exhibiting  a  good  parallelism  to  the 
decrease  in  the  dark  reduction  rate  of 
P700  in  the  presence  of  DAD.  This  sug- 
gests that  the  disappearance  of  cyto- 
chrome /  oxidation  is  closely  related  to 
the  inhibition  by  Triton  X-100  of  P700 
reduction  with  DAD. 

Schemes  for  electron  transport  path- 
ways in  the  system  1  particles  are  pre- 
sented in  Fig.  10.  The  content  of  plasto- 
cyanin is  so  low  compared  to  that  of  P700 
that  it  cannot  play  an  important  role  in 
the  systems.  P700  and  cytochrome  /  are 
oxidized  (Year  Book  69,  p.  682;  Fork  and 
Murata,  1971)  and  cytochrome  t>6  is  re- 
duced (p.  461,  this  Year  Book]  Murata 
and   Fork,    1971)    upon   illumination   of 
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Fig.  10.  Two  possible  schemes  for  electron 
transport  pathways  in  system  1  particles  pre- 
pared with  French  press  treatment.  Z  and  X 
are  unknown  electron  carriers. 

these  particles.  There  is  a  primary  elec- 
tron acceptor  of  photoreaction  1  (desig- 
nated Z)  that  is  not  yet  chemically  iden- 
tified. Another  unknown  electron  carrier, 
X,  that  cannot  be  plastocyanin,  must 
exist,  through  which  P700  and  cyto- 
chrome /  are  reduced  by  DAD.  The  pos- 
sibility that  DAD  donates  electrons 
directly  to  cytochrome  /  or  P700  is  ex- 
cluded, because  in  our  previous  study  it 
was  shown  that  in  the  presence  of  Triton 
X-100  high  concentrations  of  DAD  only 
slightly  stimulated  the  reduction  of  P700 
and  cytochrome  /  (Fork  and  Murata, 
1971). 

Two  schemes  may  be  proposed.  In 
scheme  A,  cytochrome  /  is  oxidized  by 
P700  through  X;  in  the  other  scheme  (B) , 
cytochrome  /  is  oxidized  directly  by  P700. 
In  scheme  A,  Triton  X-100,  at  concentra- 
tions higher  than  0.03%,  inhibits  the  re- 
action between  X  and  P700.  In  scheme 
B,  Triton  X-100  inhibits  the  electron 
transport  reaction  from  X  to  P700  and 
from  cytochrome  /  to  P700.  If  we  con- 
sider that  the  light-induced  cytochrome  / 
oxidation  and  the  dark  reduction  rate  of 
P700  with  DAD  show  the  same  depend- 
ence upon  the  concentration  of  Triton 
X-100,  scheme  A  seems  more  plausible. 

In  this  scheme,  the  experimental  results 
presented  in  Fig.  9  can  be  explained  as 
follows.  At  concentrations  of  Triton  X- 
100  from  0.01  to  0.03%  the  unknown 
compound,  X,  is  released  resulting  in  the 
suppression  of  P700  reduction  by  DAD 
and  of  the  fast  cytochrome  /  oxidation. 
A  further  addition  of  the  detergent 
changes  the  nature  of  the  thylakoid  mem- 
brane  and   exposes   P700   to   the   water 
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phase   allowing  plastocyanin   to   donate 
electrons  directly  to  P700. 

This  work  was  supported  in  part  by  a 
grant  (GB  8630)  from  the  National  Sci- 
ence Foundation  to  David  C.  Fork. 
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Studies  on  the  Oxidation-Reduction 
Reactions  of  Grana  Particles  Pre- 
pared from  Spinach  Chloroplasts 
by  a  nondetergent  method 

David  C.  Fork 

We  have  recently  studied  the  oxida- 
tion-reduction reactions  of  P700and  cyto- 
chrome /  as  well  as  the  cytochrome  66 
reactions  in  the  small  fraction  1  par- 
ticles prepared  by  a  nondetergent 
method  developed  by  Michel  and 
Michel-Wolwertz  (Year  Book  67,  p. 
508) .  It  appeared  from  this  study  that 
electron  transport  remained  more  nearly 
intact  in  these  particles  than  in  particles 
prepared  with  detergent  or  sonic  treat- 
ment (Fork  and  Murata,  1971;  Year 
Book  69,  p.  682;  this  Year  Book,  p.  461). 

Recently  we  have  found  (this  Year 
Book,  pp.  468-472)   that  both  types  of 


particles  prepared  by  the  Michel  proce- 
dure contain  very  little  plastocyanin.  In 
the  case  of  fraction  1  (stroma)  particles, 
there  was  about  1  plastocyanin  to  3500 
chlorophylls  (on  a  molar  basis)  ;  in  the 
fraction  2  (grana-stack)  particles,  about 
1  plastocyanin  to  7000  chlorophylls.  The 
fraction  1  particles  that  contained  very 
little  plastocyanin  could  nevertheless  still 
perform  a  rapid  light-induced  cytochrome 
/  to  P700  electron  transfer  similar  to  that 
seen  in  whole  chloroplasts.  Since  grana- 
stack  particles  are  also  nearly  devoid  of 
plastocyanin,  it  was  of  interest  to  see  if 
they  also  could  perform  rapid  cytochrome 
/  to  P700  electron  transport  reactions. 

Sane  et  al.  (1970)  found  that  cyto- 
chrome 6-559  was  absent  from  the  small 
fraction  1  particles  but  present  in  grana- 
stack  particles.  The  likelihood  existed 
that  this  cytochrome  could  be  seen  func- 
tioning in  the  grana-stack  particles  and, 
if  so,  it  would  be  possible  to  study  which 
photochemical  system  is  responsible  for 
its  photooxidation. 

Chloroplasts  were  prepared  by  grinding 
spinach  leaves  in  a  Waring  blender  for 
about  10  sec  in  a  solution  containing  400 
niilf  sucrose,  50  ml  phosphate  buffer 
(pH  7.7) ,  and  10  mM  NaCl.  The  result- 
ing slurry  was  filtered  through  one  layer 
of  "Miracloth"  and  centrifuged  at  1000 
X  g  for  5  min.  The  sediment  was  resus- 
pended  in  a  solution  containing  150  mM 
KC1  and  50  mM  Tricine-KOH  buffer,  pH 
7.8,  and  centrifuged  at  270  X  g  for  a  few 
seconds  to  sediment  whole  cells  and  large 
fragments.  The  supernatant  containing 
chloroplasts  was  passed  three  times 
through  the  French  pressure  cell  at  12,500 
psi  (800  kg/cm2).  The  resulting  suspen- 
sion of  disrupted  chloroplasts  was  centri- 
fuged at  1000  X  g  for  5  min  to  remove 
unbroken  chloroplasts,  and  the  resulting 
supernatant  was  then  centrifuged  at 
10,000  X  g  for  15  min.  The  sediment 
containing  the  grana-stack  particles  was 
resuspended  with  the  aid  of  a  tissue 
homogenizer  in  the  KCl-Tricine  buffer 
described  above  and  centrifuged  for  5  min 
at  1000  X  g  to  remove  large  or  aggre- 
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gated  particles.  The  supernatant  was 
used  as  the  grana-stack  preparation. 

Plastocyanin  obtained  from  Atriplex 
leaves  by  a  procedure  similar  to  that  used 
by  Katoh  et  al.  (1962)  was  kindly  sup- 
plied by  Dr.  J.  S.  Brown. 

Light-induced  changes  of  absorbance 
were  measured  as  described  previously 
(Fork  and  Murata,  1971).  The  measur- 
ing beam  had  a  half-bandwidth  of  2  nm 
for  all  experiments.  Red  actinic  light 
having  wavelengths  of  from  650  to  750 
nm  and  an  intensity  of  4  X  105  erg  cm-2 
sec-1  was  used  for  all  experiments  except 
for  action  spectra  measurements. 

For  measurements  of  action  spectra, 
pairs  of  Balzers  interference  filters  were 
used  to  produce  various  monochromatic 
actinic  wavelengths  having  half-band- 
widths  of  about  9  nm.  The  far-red  back- 


ground light  (when  used)  had  an  intensity 
of  about  1.1  X  104  erg  cm-1  sec"1  in  a 
band  extending  from  700  to  750  nm. 

A  sample  cuvette  having  a  pathlength 
of  0.5  cm  was  used  for  all  experiments. 
Air  was  used  as  the  gas  phase. 

Figure  11  shows  examples  of  the  kinet- 
ics of  absorbance  changes  measured  at 
420,  425,  and  430  nm  in  grana-stack  par- 
ticles to  which  methyl  viologen  and 
ascorbate  were  added.  At  420  nm  (trace 
a)  a  rapid  decrease  of  absorbance  occurs 
upon  illumination ;  the  steady-state  level 
of  the  absorbance  change  during  illumi- 
nation is  quickly  attained.  The  kinetics 
are  different  at  425  and  430  nm.  Here 
rapid  changes  are  produced  upon  illumi- 
nation (as  indicated  in  traces  b  and  c  of 
Fig.  11).  These  rapid  changes  are  fol- 
lowed by  a  slower  decrease  that  requires 
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Fig.  11.  Light-induced  changes  of  absorption  at  420,  425,  and  430  nm  in  grana-stack  particles 
from  spinach.  The  final  concentrations  of  substances  in  the  reaction  mixture  were:  sodium  ascor- 
bate, 1  ml;  methyl  viologen,  10  fiM ;  KC1,  131  mM;  Tricine-KOH  buffer  (pH  7.8),  44  ml; 
chlorophyll  concentration,  12.3  fig /ml;  and,  when  added,  DCMU,  100  fiM.  Arrows  pointing  down- 
ward and  upward  mark  when  the  actinic  light  was  turned  on  and  off,  respectively. 
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about  1  sec  to  reach  an  approximate 
steady  state. 

Traces  d,  e,  and  /  of  Fig.  11  show  that 
the  addition  of  DCMU  (3,-[3,4-dichloro- 
phenyl]-l,l-dimethylurea)  inhibits  the 
slow  change  at  425  and  430  nm,  but  not 
the  rapid  change.  The  rapid  decrease  at 
420  nm  is  similarly  not  inhibited  by 
DCMU.  (A  small  amount  of  slow  change 
persists  at  all  three  wavelengths  after 
treatment  with  DCMU.) 

Difference  spectra  are  given  in  Fig. 
12A  for  the  steady-state  levels  of  the 
changes  shown  in  traces  a,  b,  and  c  of 
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Fig.  12.  Light-minus-dark  difference  spectra 
for  grana-stack  particles  from  spinach,  obtained 
using  1-sec  exposures  to  red  actinic  light.  The 
spectra  were  obtained  from  the  same  sample 
and  contained  the  same  additions  as  that  used 
for  Fig.  11.  The  spectra  were  measured  by 
taking  the  change  that  resulted  after  1  sec  of 
illumination  (approximately  the  steady  state). 


Fig.  11.  Positive  maxima  occur  at  412 
and  around  447  nm.  A  negative  peak 
occurs  in  the  blue  at  about  427  nm  and  in 
the  green  at  559  nm.  This  spectrum  sug- 
gests that  the  slow  absorbance  decrease 
is  produced  by  oxidation  of  cytochrome 
b-559  in  the  grana-stack  particles.  The 
difference  spectrum  in  Fig.  12B  shows 
that  this  oxidation  of  cytochrome  6-559 
is  inhibited  by  DCMU.  After  treatment, 
maxima  were  seen  around  403  and  448 
nm  and  a  minimum  occurred  at  420  nm. 
A  broad  shoulder  appeared  around  430 
nm  and  no  measurable  changes  were  seen 
in  the  green  region  about  550  nm. 

The  results  with  DCMU  suggest  that 
oxidation  of  cytochrome  fc>-559  is  medi- 
ated by  system  2  rather  than  by  system  1. 
It  was  of  interest,  therefore,  to  compare 
the  action  spectrum  for  the  oxidation  of 
this  cytochrome  with  the  action  spectrum 
for  a  known  system  1  reaction,  such  as 
that  for  the  oxidation  of  P700. 

Action  spectrum  lor  cytochrome  b-559 
oxidation.  The  action  spectrum  for  the 
rate  of  absorbance  changes  at  428  nm  was 
measured  for  grana-stack  particles  to 
which  methyl  viologen  and  ascorbate 
were  added.  In  order  to  avoid  confusion 
by  rapid  absorbance  decreases  produced 
by  other  compounds,  such  as  cytochrome 
/  or  P700,  a  far-red  background  light  was 
chosen  of  sufficient  intensity  so  that  the 
rates  of  the  absorbance  changes  produced 
at  428  nm  were  linear  up  to  an  intensity 
of  about  5.1  nanoeinsteins  cm-1  sec-1  at 
683  nm.  A  similar  relationship  was  found 
when  actinic  light  at  673  nm  was  used. 
The  action  spectrum  was  determined 
using  equal  numbers  of  incident  quanta 
(equivalent  to  2.7  nanoeinsteins  cm"1 
sec-1)  and  is  given  in  Fig.  13.  It  can  be 
seen  that  this  spectrum  is  clearly  a  sys- 
tem 2-type  action  spectrum  since  it  has  a 
peak  around  673  nm,  a  broad  shoulder  in 
the  650-nm  region,  and  rapid  decline  of 
activity  in  the  near  infra-red  region.  The 
insert  in  Fig.  13  shows  the  difference 
spectrum  measured  with  the  same  far-red 
background  light  and  the  same  sample 
used  for  the  action  spectrum  measure- 
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Fig.  13.  Action  spectra  for  the  oxidation  of 
cytochrome  6-559  and  P700  in  grana-stack  par- 
ticles from  spinach.  The  action  spectrum  for 
the  oxidation  of  cytochrome  6-559  was  obtained 
with  far-red  background  light  (described  in  the 
text)  by  measuring  the  rate  of  the  slow  absorb- 
ance  decrease  at  428  nm  upon  illumination.  A 
dark  interval  of  2  min  was  used  between  ex- 
posures to  actinic  wavelengths.  The  insert  shows 
the  difference  spectrum  for  absorbance  changes 
produced  in  the  same  sample  used  for  the  ac- 
tion spectrum  measurement.  The  reaction  mix- 
ture contained:  sodium  ascorbate,  1  ml; 
methyl  viologen,  10  fiM ;  KC1,  144  ml;  Tricine 
buffer,  48  ml.  The  concentration  of  chloro- 
phyll in  the  0.5-cm  cuvette  gave  53%  absorption 
at  680  nm  (measured  in  an  integrating  sphere). 
For  the  action  spectrum  for  P700  oxidation,  the 
sample  contained  the  substances  listed  above 
and,  in  addition,  DAD  and  DCMU  at  final  con- 
centrations of  50  and  100  /xM,  respectively. 
Measurements  were  made  of  the  rate  of  absorb- 
ance changes  at  430  nm  upon  illumination 
(without  background  light). 


ment.  This  difference  spectrum  confirms 
that  the  action  spectrum  measured  at  428 
nm  is  produced  by  cytochrome  6-559. 

In  order  to  compare  the  action  spec- 
trum for  cytochrome  6-559  oxidation 
with  an  action  spectrum  for  system  1,  the 
grana-stack  fragments  containing  methyl 
viologen  and  ascorbate  were  treated  with 
DCMU  and  DAD.  Under  this  condition, 
all  the  cytochrome  6-559  changes  were 
eliminated  and  only  changes  caused  by 


cytochrome  /  and  P700  could  be  seen. 
Absorbance  changes  at  430  nm  were 
taken  to  be  those  produced  by  P700, 
since  the  contribution  of  cytochrome  / 
to  absorbance  changes  at  this  wavelength 
is  small  (Fork  and  Murata,  1971).  This 
system  1  action  spectrum  is  also  shown  in 
Fig.  13.  It  has  a  peak  at  683  nm,  low 
activity  in  the  650-nm  region,  and  ac- 
tivity extending  to  considerably  longer 
wavelengths  than  that  of  the  action  spec- 
trum for  cytochrome  6-559  oxidation. 
The  difference  spectrum  (measured  on  a 
different  sample)  for  the  changes  pro- 
duced in  the  presence  of  methyl  viologen, 
ascorbate,  DAD,  and  DCMU  with  683- 
nm  actinic  light  was  found  to  be  like 
those  shown  in  Fig.  15A  and  B  or  16A 
and  C  and  appears  to  be  produced  by 
changes  in  the  Soret  band  of  P700. 

The  effects  of  detergent  on  cytochrome 
b-559  changes.  The  effects  of  Triton 
X-100  upon  the  kinetics  of  absorbance 
changes  at  420,  425,  and  430  nm  in  the 
presence  of  methyl  viologen  and  ascorbate 
are  shown  in  Fig.  14.  No  significant  slow 
changes  remain  at  these  wavelengths 
after  Triton  treatment.  The  pattern  of 
the  rapid  absorbance  decrease  is  changed 
also.  After  treatment,  the  rapid  decrease 
at  420  nm  is  only  about  half  of  that  pro- 
duced at  430  nm.  Before  Triton  treat- 
ment, the  rapid  change  is  larger  at  420 
nm  than  at  430  nm  (see  traces  d  and  /  of 
Fig.  11).  The  difference  spectrum  for  the 
rapid  absorbance  decrease  seen  in  the 
presence  of  Triton  X-100  is  given  in  Fig. 
15A.  This  spectrum  indicates  that  P700 
alone  is  producing  the  rapid  absorbance 
changes  in  grana  particles  after  Triton 
treatment.  A  similar  effect  of  Triton  on 
the  rapid  cytochrome  /  absorption  change 
was  also  seen  in  system  1  particles  pre- 
pared by  means  of  the  French  pressure 
cell  (Fork  and  Murata,  1971). 

The  addition  of  plastocyanin  to  grana- 
stack  particles  containing  methyl  vio- 
logen, ascorbate,  and  Triton  restored  a 
slow  absorbance  change  at  420  nm  and,  to 
a  lesser  extent,  at  425  nm  (Fig.  14,  traces 
d  and  e) .   Figure  14  also  shows  that  the 
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Fig.  14.  The  effect  of  Triton  X-100  and  of  plastocyanin  on  absorbance  changes  at  420,  425,  and 
430  nm  in  grana-stack  particles  from  spinach.  The  sample  was  illuminated  with  the  same  actinic 
light  as  for  Fig.  11.  The  final  concentrations  of  substances  in  the  reaction  mixture  (used  to  ob- 
tain traces  a,  b,  and  c)  were:  sodium  ascorbate,  0.9  mill;  methyl  viologen,  9.2  ixM ;  Triton  X-100, 
0.13%;  KC1,  120  ml;  Tricine  buffer,  40  mM.  Plastocyanin  (0.4  fiM,  final  concentration)  was 
added  to  the  reaction  mixture  prior  to  obtaining  traces  d,  e,  and  /.  The  chlorophyll  concentration 
was  23.5  /ug/ml. 
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Fig.  15.  Light-minus-dark  difference  spectra 
obtained  using  the  same  sample  of  grana-stack 
particles  used  for  Fig.  14.  Spectrum  A  was 
measured  by  taking  the  initial  rapid  deflection 
seen  upon  illumination  (as  indicated  on  the 
traces  of  Fig.  14).  The  substances  present  in 
addition  to  KC1  and  Tricine  were  ascorbate. 
methyl  viologen,  and  Triton  X-100.  The  spectra 
labeled  B  and  C  were  obtained  for  the  rapid 
and  slow  changes,  respectively,  after  addition  of 
plastocyanin. 


rapid  absorbance  change  is  unaffected  by 
plastocyanin  addition.  Thus  the  differ- 
ence spectrum  for  the  rapid  change  seen 
after  adding  plastocyanin  (Fig.  15B)  is 
identical  to  that  before  adding  plasto- 
cyanin (Fig.  15A).  The  difference  spec- 
trum for  the  slow  change  is  shown  in  Fig. 
15C.  This  spectrum  was  constructed  by 
taking  the  absorbance  decrease  occurring 
after  the  initial,  rapid  decrease  (below 
the  dotted  lines  in  traces  d,  e,  and  /  of 
Fig.  14).  This  difference  spectrum  (Fig. 
15C)  has  maxima  around  403  and  450  nm 
and  minima  at  420  and  552.5  nm  and 


demonstrates  clearly  that  plastocyanin 
restores  slow  oxidation  of  cytochrome  /  in 
detergent-treated  grana-stack  particles. 

An  interesting  effect  was  seen  upon 
adding  DAD  (2,3,5,6-tetramethyl-p- 
phenylenediamine)  to  the  same  grana- 
stack  preparation  used  for  Figs.  15B  and 
C,  which  contained  methyl  viologen, 
ascorbate,  Triton,  and  plastocyanin.  Fig- 
ure 16B  shows  that  when  both  DAD  and 
plastocyanin  were  present,  the  spectrum 
for  the  slow  change  had  a  maximum  near 
412  nm  and  minima  at  427  and  559,  in- 
dicating that  under  this  condition  cyto- 
chrome 6-559  and  not  cytochrome  /  was 
oxidized.  By  contrast,  the  spectrum  for 
the  rapid  decrease  (Fig.  16A)  was  un- 
affected by  subsequent  plastocyanin  ad- 
dition, which  demonstrates  that  the  rapid 
changes  were  still  produced  by  P700 
oxidation.  Further  addition  of  DCMU 
to  this  preparation  (Fig.  16D)  caused  an 
increase  of  the  slow  light-induced  cyto- 
chrome 6-559  oxidation  and  no  effect  on 
the  difference  spectrum  for  the  initial 
change  produced  by  P700  (Fig.  16C) . 

The  addition  of  DAD  to  grana-stack 
particles  treated  with  Triton  and  contain- 
ing ascorbate  and  methyl  viologen  (not 
shown  as  a  figure)  did  not  restore  the 
slow  changes.  The  difference  spectrum 
for  rapid  changes  seen  with  these  addi- 
tions suggested  P700  participation  and 
resembled  those  shown  in  Figs.  15A  and 
B,  16A  and  C. 

Absorbance  changes  in  grana-stack 
particles  in  the  absence  of  Triton.  Figure 
17  shows  examples  of  absorbance  changes 
at  420,  425,  and  430  nm  in  grana-stack 
particles  in  the  absence  of  Triton  but  in 
the  presence  of  DAD,  ascorbate,  methyl 
viologen,  and  DCMU  (traces  a,  6,  c)  and 
after  subsequent  addition  of  plastocyanin 
(traces  d,  e,  and  /).  It  can  be  seen  that 
upon  illumination,  a  rapid  decrease  of 
absorbance  takes  place  that  is  not  fol- 
lowed by  further,  slower  absorbance 
changes  such  as  those  seen  after  Triton 
treatment.  This  is  true  whether  plasto- 
cyanin is  present  or  not.  The  difference 
spectra   for  these  rapid  changes,  before 
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Fig.  16.  Light-minus-dark  difference  spectra  obtained  using  the  same  sample  of  grana-stack  par- 
ticles used  for  Figs.  14  and  15.  The  spectra  labeled  A  and  B  were  obtained  after  adding  DAD  to 
a  final  concentration  of  44  fiM  in  addition  to  the  substances  present  as  described  for  Fig.  15.  For 
spectra  shown  in  C  and  D,  subsequent  addition  of  DCMU  (87  /xM)  was  made. 
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Fig.  17.  Light-induced  changes  of  absorption  at  420,  425,  and  430  nm  in  grana-stack  particles 
from  spinach.  The  final  concentrations  of  substances  in  the  reaction  mixture  used  for  traces  a,  b, 
and  c  were :  sodium  ascorbate,  1.0  mAf  ;  DAD,  38.5  fiM ;  methyl  viologen,  10  fiM  ;  DCMU,  96  fiM  ; 
KC1,  44.5  mM ;  Tricine  buffer,  133  ml ;  and,  for  traces  d,  e,  and  j,  plastocyanin  was  subsequently 
added  to  a  final  concentration  of  0.4  fiM.   Chlorophyll  concentration,  22.8  /*g/ml. 


and  after  plastocyanin  addition,  are 
given  in  Fig.  18.  The  maxima  at  403  nm 
and  minima  at  420  and  552  nm  suggest 
the  light-induced  oxidation  of  cytochrome 
/.  The  maximum  at  562  nm  may  indicate 
reduction  of  cytochrome  6-562,  as  may 
the  shoulder  around  435  nm.  This  shoul- 
der may  be  also  produced  in  part  by 
P700. 

The  first  observations  of  light-induced 
oxidation  of  cytochrome  6-559  by  system 
2  were  seen  only  at  77 °K  (Knaff  and 
Arnon,  1969;  Boardman  et  at.,  1971; 
Floyd  et  al.}  1971).  Recently,  Knaff  and 
Arnon  (1971)  reported  a  slow  oxidation 
of  cytochrome  6-559  at  room  temperature 
and  at  pH  10,  mediated  by  system  2,  that- 
had  a  half-time  of  about  3.5  sec. 

It  is  clear  from  the  results  reported 
here  that  in  grana-stack  particles  cyto- 
chrome 6-559  is  oxidized  at  a  physiolog- 
ical pH   (7.8)   and  at  room  temperature 


by  system  2  because  this  oxidation  was 
abolished  by  the  system  2  inhibitor 
DCMU;  and  the  action  spectrum  for  the 
oxidation  was  typical  of  that  produced 
by  a  system  2  reaction. 

Chance  et  al.  (1969)  have  also  seen 
oxidation  of  cytochrome  6-559  at  low 
temperature  that  appears  to  be  sensitized 
by  system  2,  although  at  that  time  they 
suggested  that  the  changes  measured  were 
produced  by  cytochrome  /. 

In  the  grana-stack  particles  not  treated 
with  Triton,  the  oxidation  of  cytochrome 
6-559  (unlike  cytochrome  /  oxidation) 
is  a  relatively  slow  reaction.  In  Fig.  11B, 
for  example,  it  was  seen  that  the  half- 
time  for  this  change  was  around  0.15  sec. 
The  oxidation-reduction  rates  of  cyto- 
chrome 6-559  are  too  slow  to  explain  the 
rates  of  the  Hill  reaction  that  can  be  seen 
with  NADP.  In  view  of  these  results,  the 
scheme  proposed   by  Knaff   and  Arnon 
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Fig.  18.  Light-minus-dark  difference  spectra  for  the  rapid  changes  of  absorption  in  grana-stack 
particles  obtained  from  spinach,  using  the  same  samples  described  in  Fig.  17.  Circles:  sodium 
ascorbate,  DAD,  methyl  viologen   and  DCMU.    Triangles:  plastocyanin  also  added. 


(1971) ,  in  which  cytochrome  6-559  func- 
tions in  the  main  pathway  of  electron 
transport,  does  not  seem  plausible.  It 
would  be  more  reasonable  to  assume  that 
this  cytochrome  functions  in  a  side  path- 
way connected  to  system  2.  A  similar 
conclusion  was  reached  by  Boardman 
et  al.  (1971),  based  upon  experiments  on 
the  light-induced  oxidation  of  this  cyto- 
chrome at  low  temperature.  Boardman 
et  al.  (1971 )  found  no  evidence  that  more 
than  one  type  of  cytochrome  6-559  was 
undergoing  light-induced  oxidation  at  low 
temperature. 

Also,  in  the  scheme  proposed  by  Knaff 
and  Arnon  (1971)  plastocyanin  is  an  in- 
termediate in  the  photooxidation  of  cyto- 


chrome 6-559  by  system  2  ("Ha").  Again, 
the  results  reported  here  do  not  support 
this  scheme  because  oxidation  of  cyto- 
chrome 6-559  by  grana-stack  particles  was 
observed  without  added  plastocyanin.  This 
electron  carrier  is  not  bound  in  the  grana- 
stack  particles  because  our  recent  analy- 
sis (this  Year  Book,  p.  468)  has  shown 
them  to  contain  almost  no  plastocyanin 
(about  1  plastocyanin  in  7000  chloro- 
phylls on  a  molar  basis). 

Other  studies  on  cytochrome  6-559 
have  suggested  that  it  functions  between 
the  two  light  reactions  and  is  oxidized  by 
system  1  and  reduced  by  system  2 
(Levine  et  al.,  1966;  Cramer  and  Butler, 
1967;    Hind,    1968;    Ben    Hayyim    and 
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Avron,  1970).  In  all  these  studies,  the 
half-times  for  cytochrome  6-559  oxida- 
tion produced  by  system  1  were  even 
slower  than  those  seen  here  produced  by 
system  2.  Perhaps  the  reactions  of  this 
cytochrome  are  affected  by  the  manner  in 
which  chloroplasts  or  particles  are  pre- 
pared. For  example,  after  Triton  X-100 
disruption  of  grana-stack  particles,  sys- 
tem 1  apparently  oxidized  cytochrome 
6-559  and  system  2  reduced  it,  because 
DCMU  produced  a  stimulation  of  the 
oxidation  rather  than  the  inhibition  that 
was  seen  prior  to  Triton  treatment  (com- 
pare Figs.  16B  and  D) .  This  conclusion, 
however,  must  be  confirmed  by  further 
action  spectra  measurements  for  cyto- 
chrome 6-559  oxidation  under  these  con- 
ditions. 

Grana-stack  particles  before  treatment 
with  Triton  show  rapid  cytochrome  / 
changes.  In  these  experiments  the  rise 
time  was  3  msec  or  faster  and  was  limited 
by  the  rise  time  of  the  measuring  system 
used.  Similar  fast  cytochrome  reactions 
were  found  in  fraction  1  particles  isolated 
from  chloroplasts  fragmented  in  the 
French  pressure  cell  (Fork  and  Murata, 
1971,  Year  Book  69,  p.  682) .  In  the  latter 
particles,  the  rise  time  was  found  to  be 
within  1  msec  when  a  faster  measuring 
system  was  used.  Thus  both  types  of 
particles  have  rapid  cytochrome  changes. 
Hildreth  (1968)  measured  half-times  for 
cytochrome  /  oxidation  that  ranged  from 
0.3  to  9  msec  in  spinach  chloroplasts  ex- 
cited with  a  30-nsec  flash  from  a  Q- 
switched  ruby  laser.  It  appears  that  the 
preparation  of  grana-stack  particles  (as 
with  fraction  1  particles)  by  means  of 
the  French  press  leaves  most  of  the  native 
electron  transport  system  of  system  1 
intact.  The  presence  of  detergent  changes 
the  particles  and  disrupts  these  rapid 
cytochrome  /  reactions. 

As  mentioned  earlier,  the  grana-stack 
particles  contain  almost  no  plastocyanin, 
and  yet  Figs.  17  and  18  demonstrate  that 
added  plastocyanin  had  no  effect  on  any 
of  the  rapid  absorbance  changes  investi- 
gated.   A  very  different  result  was  ob- 


tained with  grana-stack  particles  treated 
with  detergent.  The  only  rapid  absorb- 
ance changes  seen  after  this  treatment 
were  produced  by  P700.  Subsequent  ad- 
dition of  plastocyanin  had  a  significant 
effect  only  on  the  restoration  of  slow  cyto- 
chrome /  oxidation.  This  slow  oxidation 
of  cytochrome  /  restored  by  added  plasto- 
cyanin had  a  half-time  of  several  tenths 
of  a  second.  A  similar  effect  in  restoring 
only  slow  cytochrome  /  oxidation  by 
added  plastocyanin  was  found  in  Triton- 
treated  grana-stack  particles  in  the  pres- 
ence of  DAD  and  ascorbate  {Year  Book 
69,  p.  690).  Thus,  conclusions  about  the 
site  of  plastocyanin  in  the  electron-trans- 
port chain  based  upon  the  ability  of 
plastocyanin  to  restore  cytochrome  / 
oxidation  must  be  reconsidered,  since 
these  measurements  were  all  made  with 
equipment  that  could  only  detect  absorb- 
ance changes  occurring  after  several 
tenths  of  a  second  (Gorman  and  Levine, 
1966;  Hind,  1968a;  Avron  and  Shneyour, 
1971).  No  demonstration  has  yet  been 
made  of  the  restoration  by  added  plasto- 
cyanin of  a  rapid  cytochrome  /  oxidation 
such  as  that  discussed  earlier. 

In  view  of  the  absence  of  plastocyanin 
in  the  grana-stack  particles  and  of  their 
rapid  cytochrome  /  oxidation  (before  Tri- 
ton treatment) ,  it  is  unreasonable  to  place 
plastocyanin  as  an  electron  transport 
component  functioning  between  P700  and 
cytochrome  /.  An  alternative  to  this 
formulation  would  be  to  place  plasto- 
cyanin before  cytochrome  /  (Fork  and 
Urbach,  1965;  Avron  and  Chance,  1966) 
or  on  a  pathway  independent  of,  but 
parallel  to,  cytochrome  /  (Kok  et  al., 
1964 ;  this  Year  Book,  p.  468) . 

It  was  interesting  to  note  that  the  slow 
oxidation  of  cytochrome  6-559,  after  Tri- 
ton treatment,  could  only  be  seen  after 
both  plastocyanin  and  DAD  were  added. 
The  addition  of  DAD  alone  did  not  re- 
store any  slow  changes.  As  has  been  dis- 
cussed earlier,  the  addition  of  plasto- 
cyanin to  detergent-treated  particles 
restored  only  the  slow  cytochrome  / 
changes.  But  when  both  DAD  and  plasto- 
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cyanin  were  present,  the  slow  oxidation 
of  cytochrome  6-559  was  seen.  Added 
plastocyanin  is  very  effective  in  reacting 
with  P700  in  detergent-treated  fraction  1 
particles  from  spinach  (Fork  and  Murata, 
1971).  It  is  reasonable  to  suppose  a 
similar  situation  exists  for  grana-stack 
particles  treated  with  detergent.  Added 
plastocyanin  also  appears  to  react  with 
the  cytochrome  /  (but  not  with  cyto- 
chrome 6-559)  that  is  dislodged  from  its 
functional  site  by  detergent  action.  DAD 
may  act  as  a  bridge  to  connect  cyto- 
chrome 6-559  to  P700  via  cytochrome  / 
and  plastocyanin. 

The  P700  seen  in  the  grana-stack  par- 
ticles cannot  be  considered  a  "contami- 
nant" because  repeated  passage  through 
the  French  press  (5  times)  did  not  re- 
move it.  The  light-minus-dark  difference 
spectrum  for  the  particles  fragmented 
many  times  was  like  that  reported  for 
fraction  1  particles  (Fork  and  Murata, 
1971)  and  had  minima  at  682  and  701  nm 
(Fork  and  Jacobi,  unpublished  results). 
Thus  the  P700  in  the  grana-stack  par- 
ticles seems  to  be  firmly  bound  in  them, 
and  it  seems  reasonable  to  assume  that 
both  systems  1  and  2  function  in  grana 
regions  of  chloroplasts. 

This  research  was  supported  in  part  by 
a  grant  from  the  National  Science  Foun- 
dation (GB  8630)  to  David  C.  Fork. 
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The  Effect  of  CCCP  on  the  Electron 
Transport  Reactions  in  Chloroplasts 

Andrew  B.  Rubin*  and  David  C.  Fork 

It  is  well  known  that  uncouplers  such 
as  carbonylcyanide-m-chlorophenylhy- 
drazone  (CCCP)  accelerate  electron  flow 
at  the  phosphorylation  sites  of  photosyn- 
thetic electron  transport  (Bamberger  et 
al,  1963;  Avron  and  Shavit,  1963;  Pleng- 
vidhya  and  Burris,  1965;  Gromet- 
Elhanan  and  Avron,  1965),  even  though 
the  precise  mechanism  of  the  action  of 
these  substances  is  not  well  understood. 

*  Faculty  of  Biology  and  Soil  Science,  Mos- 
cow State  University,  Moscow,  USSR. 
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We  have  examined  the  effects  of  CCCP 
on  the  oxidation-reduction  reactions  of 
the  /-type  cytochrome  as  well  as  on  the 
so-called  475-518  nm  change  in  chloro- 
plasts.  The  results  have  shown  that 
CCCP  accelerates  cytochrome  reduction 
and  eliminates  that  portion  of  the  518-nm 
change  produced  by  system  1.  It  is  sug- 
gested that  a  phosphorylation  site  occurs 
between  the  site  of  DCMU  inhibition  and 
cytochrome  /. 

Whole  spinach  chloroplasts  (once 
washed)  were  obtained  in  0.4  M  sucrose, 
0.05  M  phosphate  buffer  (pH  7.8),  and 
0.01  M  NaCl  and  diluted  with  the  same 
buffer  to  a  working  chlorophyll  concen- 
tration of  about  13  ^g/ml  in  a  0.5-cm 
cuvette.  Light-induced  absorbance 
changes  were  measured  as  previously  de- 
scribed (Fork  and  Murata,  1971).  The 
half-band  of  the  measuring  beam  was  2 
nm.  A  broad  band  of  red  actinic  light  was 
used  which  had  wavelengths  extending 
from  650  to  750  nm  and  an  intensity  of 
4  X  105  erg  cm-2  sec"1. 

We   examined   the    kinetics    of   cyto- 


chrome /  by  observing  the  effects  of 
CCCP  addition  on  the  420-nm  change. 
System  2  activity  was  blocked  with 
DCMU.  DAD  (2,3,5,6-tetramethyl-p- 
phenylenediamine)  plus  ascorbate  and 
methyl  viologen  were  added  as  electron 
donor  and  acceptor,  respectively.  Some 
overlap  of  P700  absorption  occurs  at  this 
wavelength  but  the  contribution  does  not 
appear  to  be  large. 

Traces  a  and  6  of  Fig.  19  show  the 
kinetics  of  the  420-nm  absorbance  change 
before  and  after  addition  of  the  un- 
coupler  CCCP.  It  can  be  seen  that  the 
kinetics  upon  illumination  and  the  level 
of  the  steady-state  change  attained  in 
the  light  were  unaffected.  The  decay  of 
the  change  after  turning  off  the  light 
(reduction  of  the  cytochrome)  was  ac- 
celerated about  twofold  by  CCCP. 

Even  though  there  was  an  accelerating 
effect  of  CCCP  on  the  dark  reduction  of 
cytochrome,  the  steady-state  level  of  the 
change  was  little  affected  at  the  various 
light  intensities  investigated.  Figure  20 
shows   the   steady-state    level   of    cyto- 
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Fig.  19.  The  effect  of  CCCP  on  the  kinetics  of  absorbance  changes  at  420  nm  and  518  nm  in 
spinach  chloroplasts.  The  chloroplasts  were  suspended  in  the  buffer  medium  described  in  the 
text  and  contained  in  addition  the  following  substances:  sodium  ascorbate,  1  ml;  DAD,  50  i*M ; 
methyl  viologen,  10  fiM ;  DCMU,  100  fiM ;  and,  when  added,  CCCP,  10  fiM. 
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Fig.  20.  The  effect  of  CCCP  on  the  steady- 
state  level  of  the  420-nm  change  in  spinach 
chloroplasts  as  a  function  of  light  intensity. 
The  additions  described  in  Fig.  19  were  also 
used  here. 


chrome  oxidation  as  a  function  of  light 
intensity  before  and  after  addition  of 
CCCP.  The  steady  levels  of  oxidation 
obtained  were  unchanged  by  CCCP,  even 
at  low  light  intensities  where  one  would 
expect  to  see  a  decrease  of  this  level  be- 
cause of  the  twofold  acceleration  of  cyto- 
chrome reduction  produced  by  CCCP. 
Perhaps  at  all  intensities  applied,  the 
oxidation  reactions  can  compete  so  suc- 
cessfully with  cytochrome  reduction  that 
no  accumulation  of  reduced  cytochrome 
can  occur.  Amesz  and  Vredenberg  (1966) 
have  also  observed  that  CCCP  acceler- 
ates the  dark  reduction  of  P700  and  cyto- 
chrome /  in  intact  algae,  but  they  found 
that  the  steady-state  levels  of  these 
changes  were  lower  in  the  presence  of  this 
inhibitor. 

The  acceleration  of  cytochrome  reduc- 
tion after  addition  of  CCCP  suggests  that 
a  phosphorylation  site  exists  in  the  elec- 
tron transfer  chain  after  the  site  of  inhibi- 
tion by  DCMU  and  before  cytochrome  /. 

The  effects  of  CCCP  observed  here  are 
related  to  its  effects  as  an  uncoupler  of 
photophosphorylation  and  not  to  its  effect 
upon  the  Hill  reaction  (Plengvidhya  and 
Burris,  1965;  De  Kiewiet  et  al,  1965; 
Kimimura  et  al.,  1971),  since  system  2 


was  inhibited  by  DCMU  and  only  system 
1  activity  was  seen. 

The  475-518  nm  change  is  produced 
by  both  photosystems  in  green  algae  and 
higher  plants  (Fork  et  al.,  1967) .  In  these 
experiments,  system  2  was  inhibited  by 
DCMU,  and  DAD  plus  ascorbate  served 
as  the  electron  donor,  so  that  only  the 
518-nm  change  produced  by  system  1  was 
obtained  (traces  c  and  d  of  Fig.  19).  It 
can  be  seen  that  the  same  concentration 
of  CCCP  that  produced  acceleration  of 
the  cytochrome  /  reduction  almost  com- 
pletely eliminated  the  component  of  the 
518-nm  change  produced  by  system  1. 

It  is  possible  that  the  phosphorylation 
site  preceding  cytochrome  /  is  connected 
with  the  518-nm  change  of  system  1.  Ad- 
dition of  an  uncoupler  of  phosphorylation 
such  as  CCCP  could  then  abolish  this 
518-nm  change  and  at  the  same  time  pro- 
duce an  acceleration  of  cytochrome  re- 
duction. 
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Comparison  of  Chlorophyll  Fluores- 
cence ANIlLlGHT-SCATTERING  CHANGES 

Upon  Addition  of  Cations  in 
Isolated  Chloroplasts 

Norio  Murata 

Some  cations  were  found  to  produce 
changes  in  light  energy  distribution  be- 
tween the  two  pigment  systems  of  photo- 
synthesis in  isolated  chloroplasts  (Murata, 
1969,  1971).  In  the  presence  of  cations 
(2-5  mikf  for  the  divalent  and  100  ml 
for  the  monovalent) ,  more  photons  go  to 
pigment  system  2  and  less  to  pigment  sys- 
tem 1  than  in  their  absence.  A  further 
study  of  these  effects  showed  that  cations 
suppress  excitation  transfer  from  pigment 
system  2  to  1  at  the  step  of  spillover. 

In  the  chloroplasts,  chlorophyll  mole- 
cules are  embedded  in  the  thylacoid 
membrane.  The  efficiency  of  excitation 
transfer  between  pigment  molecules  de- 
pends on  the  distance  between  them  and 
on  their  mutual  orientation.  These  find- 
ings led  us  to  investigate  the  relationship 
between  the  membrane  structure  of  the 
chloroplasts  and  the  regulation  of  excita- 
tion transfer  between  the  two  pigment 
systems. 

Light-scattering  changes  were  meas- 
ured as  an  indicator  of  structural  change 
in  the  chloroplast  membrane.  Changes  in 
fluorescence  yield  at  684  nm  were  meas- 
ured at  room  temperature  in  the  presence 
of  DCMU  to  estimate  the  degree  of  sup- 
pression of  excitation  transfer  from  pig- 
ment system  2  to  1. 

The  spinach  chloroplasts  used  were 
isolated  by  the  procedure  described  in 
Year  Book  69,  p.  699,  but  using  a  medium 
containing  400  ml  sucrose,  10  ml 
NaCl,  and  10  ml  Tricine-KOH  buffer 
(pH  7.8) ,  instead  of  300  ml  NaCl  and 
50  ml  Tricine-KOH  buffer. 

Changes  in  fluorescence  yield  and  light- 
scattering  intensity  were  measured  simul- 
taneously for  comparison  (Fig.  21).  Blue 
excitation  light  covering  wavelengths  of 
390  to  580  nm  was  obtained  by  using  an 
incandescent  lamp  and  two  Corning  9782 
blue   filters,    plus    an    infrared-reflecting 


Chloroplasts 
DCMU 


Fig.  21.  Effects  of  MgCl2  and  EDTA  upon 
chlorophyll  a  fluorescence  yield  and  light  scat- 
tering of  spinach  chloroplasts.  Final  concentra- 
tions: 1.4  fxM  chlorophyll,  5  /jlM  DCMU,  3  ml 
MgCl2,  and  5  mM  EDTA. 

filter,  Calfex  C  (Balzers).  Its  intensity 
was  8000  ergs  cm-2  sec-1.  Light  scattered 
by  the  chloroplasts  in  the  cuvette  at  right 
angles  to  the  excitation  beam  was  isolated 
through  an  interference  filter  having  a 
transmission  peak  at  534  nm  (Balzers). 
Fluorescence  emitted  from  the  sample 
was  measured  by  using  another  inter- 
ference filter  having  a  transmission  peak 
at  684  nm  (Balzers) ,  also  placed  at  a 
right  angle  to  the  excitation  beam  but  at 
the  position  opposite  to  that  of  the  filter 
used  in  the  measurement  of  light-scatter- 
ing. Scattered  and  fluorescent  light  was 
detected  with  photomultipliers. 

A  small  amount  of  chloroplasts  sus- 
pended in  the  low-salt  medium  mentioned 
above  was  diluted  with  the  same  medium 
in  a  cuvette.  Addition  of  DCMU  after 
the  fluorescence  yield  reached  a  steady 
level  produced  only  a  slight  change  in 
yield.  Upon  addition  of  MgCL>,  there  was 
a  slow  increase  in  fluorescence  yield, 
which  took  about  5  min  to  reach  a  steady 
level  60%  higher  than  before.  Light- 
scattering  by  the  chloroplasts  also 
changed  upon  addition  of  MgCl2  and  fol- 
lowed a  time  course  similar  to  that  of  the 
fluorescence  change.  Two  phases  (fast 
and  slow)  seem  to  appear  in  the  time 
course,  but  the  fast  kinetics  of  the  light- 
scattering  change  could  not  be  followed 
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because  a  large  artificial  signal  produced 
by  the  mixing  procedure  overlapped  the 
real  signal  of  light-scattering.  Subse- 
quent addition  of  EDTA,  a  chelating 
agent  for  divalent  cations,  eliminated  the 
effects  of  MgCl2  upon  the  fluorescence 
yield  and  upon  the  light-scattering 
change. 

Figure  22  shows  the  dependence  of 
fluorescence  yield  and  light-scattering 
upon  the  concentration  of  MgCl2.  Both 
changes  attained  the  saturation  level  at 
2  mM  of  MgCl2.  The  time  courses  and 
concentration  dependences  for  changes  in 
fluorescence  yield  and  light-scattering 
upon  the  addition  of  MgCl2  exhibited  a 
good  parallelism. 

Monovalent  cations  also  increased  the 
fluorescence  yield  in  a  way  similar  to 
that  of  the  divalent  cations  (Year  Book 
69,  p.  699).  The  addition  of  100  ml 
NaCl  induced  a  small,  rapid  decrease  and 
then  a  large,  slow  increase  in  fluorescence 
yield  (Fig.  23) .  The  small,  rapid  decrease 
is  always  observed  when  high  concentra- 
tions of  salts  of  monovalent  cations  are 
added  to  the  chloroplast  suspension.  The 
large,  slow  increase  is  caused  by  the  sup- 
pression of  excitation  transfer  between 
two  pigment  systems.  Light-scattering  of 
the  suspension  also  showed  a  parallel 
fast,  and  then  a  slow,  increase  upon  the 
addition.  Subsequent  addition  of  EDTA 
to    this    sample    did    not   eliminate   the 
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Fig.  22.  Concentration  dependences  of  fluores- 
cence yield  and  light-scattering  for  MgCl2. 
Levels  of  the  changes  were  taken  5  min  after 
the  addition  of  MgCl2. 


Fig.  23.  Effects  of  NaCl  and  EDTA  upon 
chlorophyll  a  fluorescence  yield  and  light  scat- 
tering. Measuring  system  was  the  same  as  in 
Fig.  21,  except  for  the  addition  of  100  ml  NaCl 
instead  of  MgCl2. 

change  in  fluorescence  yield  or  in  light- 
scattering.  It  is  concluded  also  in  this 
case  that  the  changes  in  fluorescence  yield 
and  light-scattering  exhibit  similar  be- 
havior following  the  addition  of  cations. 

The  close  parallelism  between  the 
changes  in  the  fluorescence  yield  and  the 
light-scattering  intensity  suggests  that  the 
cations  induce  conformational  changes  in 
the  thylacoid  membrane,  resulting  in  a 
change  in  excitation  transfer  between  the 
two  pigment  systems.  The  increase  in 
fluorescence  yield  corresponds  to  the  sup- 
pression of  excitation  transfer  from  pig- 
ment system  2  to  1,  and  the  increase  in 
light-scattering  is  stimulated  by  shrinkage 
of  the  chloroplasts.  It  is  concluded,  there- 
fore, that  the  distance  between  the  units 
of  the  two  pigment  systems  is  greater  in 
the  chloroplasts  shrunken  in  the  presence 
of  cations.  This  fact,  in  turn,  may  sug- 
gest that  a  microscopic  structural  change 
inside  the  thylacoid  membrane,  but  not 
the  whole  shape  of  the  chloroplasts,  is  an 
important  factor  for  the  regulation  of 
excitation  transfer  between  the  two  pig- 
ment systems. 
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The  Forms  of  Chlorophyll  in  Chloro- 
plast  Fractions  of  Various  Algae 

C.  S.  French,  J.  S.  Brown,  and  M.  C.  Lawrence 

Previously  (Year  Book  68,  p.  580, 
1970)  we  proposed  three  concepts,  all  of 
which  seemed  to  be  equally  possible  de- 
scriptions of  the  various  forms  in  which 
chlorophyll  a  exists  in  chloroplasts.  Re- 
cent results,  presented  in  part  last  year 
{Year  Book  69,  p.  662,  1971)  and  sum- 
marized here,  have  made  it  clear  that 
none  of  those  three  guesses  was  entirely 
adequate.  What  we  called  the  "constant- 
components  concept"  has  turned  out  to  be 
realistic  for  the  constancy  of  the  peak 
wavelengths  of  the  four  major  forms  of 
chlorophyll  a.  Contrary  to  the  previous 
expectations,  however,  the  half-widths  of 
these  components  do  vary  in  different 
species  of  algae  and  also  differ  in  the  com- 
ponents of  the  two  separable  pigment  sys- 
tems. What  was  called  the  "variable  com- 
ponents concept"  does  not  now  seem  to 
apply  in  the  wavelength  region  below 
690  nm,  but  that  nonspecific  idea  is  still 
the  closest  that  we  can  come  to  describing 
the  minor  long-wavelength  components, 
which  are  sometimes  present  in  the  690- 
720  nm  region. 

Last  year  we  reported  that  four  major 


forms  constitute  most  of  the  chlorophyll 
a  of  various  leaves  and  algae.  These 
forms  have  the  same  wavelength  peaks 
in  different  algae  and  in  the  two  photo- 
systems  of  any  one  alga.  This  year  we 
have  extended  the  previous  series  of  curve 
analyses  and  have  prepared  the  results 
for  publication.  A  brief  summary  of  the 
conclusions  to  date  and  simplified  sum- 
mary tables  of  the  more  important  re- 
sults will  be  given  here. 

The  remarkable  constancy  of  the  wave- 
lengths of  the  components,  derived  from 
the  spectral  data  by  curve  analysis, 
closely  approaches  the  precision  of  the 
spectrophotometer  calibration.  A  recali- 
bration  after  the  measurements  were 
made  showed  that  the  wavelength  scale 
read  0.8  nm  too  high.  Although  this  error 
seems  small,  it  is  greater  than  the  varia- 
tion of  the  derived  wavelengths  for  some 
of  the  components.  We  therefore  give  in 
Table  2  slightly  revised  wavelength  posi- 
tions for  the  chlorophyll  bands. 

It  now  appears  that  the  small  differ- 
ences in  the  widths  of  the  components  in 
different  species  do  have  a  real  signifi- 
cance. The  averages  of  the  half-widths 
for  the  two  fractions  in  two  different 
types  of  spectra  are  summarized  in  Table 
3. 


TABLE  2.  Peak  Wavelengths  of  Chlorophyll  a  Forms,  nm 


Ca662 

Ca670 

Ca677 

Ca683           Ca692 

C«705 

Number  of  Spectra 

15 

15 

15 

15 

15 

5 

Maximum 

662.3 

669.8 

677.8 

685.1 

693.7 

706.7 

Minimum 

661.3 

669.2 

676.7 

683.0 

687.6 

701.0 

Standard  Deviation 

0.09 

0.05 

0.09 

0.16 

0.39 

0.90 

Average 

661.6 

669.6 

677.1 

683.7 

691  £ 

704-6 

TABLE  3 

.   Half-Widths  of  Different  Forms  of  Chlorophyll 

a,  nm 

Ca662 

Ca670 

Ca677 

Ca683           Ca692 

Co  705 

Unusually  sharp  algal  spectra 

Fraction  1 

11.0 

9.3 

8.6 

10.6 

17.0 

14.2 

Fraction  2 

11.1 

9.7 

7.8 

8.5 

17.1 

Typical  green 

algae  and  leaves 

Fraction  1 

11.3 

10.0 

10.3 

10.8 

13.0 

18.7 

Fraction  2 

11.6 

9.8 

9.4 

9.6 

16.1 

600 


650 
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Fig.  24.  Curve  analyses  of  fractions  of  algal  chloroplasts  with  absorption  spectra  typical  of  green 
algae  and  leaves.  These  and  similar  or  sharper  spectra  were  used  to  derive  the  component  bands 
summarized  in  Tables  2,  3,  and  4. 
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TABLE  4.   Approximate  Distribution  of  the  Forms  of  Chlorophyll  a 
in  Two  Fractions,  percent 


C«662 


Ca670 


Ca677 


Ca683 


Ca692 


Ca705 


Fraction  1 
Fraction  2 


22 
25 


23 

27 


29 
33 


17 

8 


Much  of  the  data  summarized  here,  but 
with  corrected  wavelengths,  came  from 
Table  18  of  Year  Book  69,  p.  667.  Some 
of  that  corrected  data  are  illustrated  in 
Fig.  24.  A  few  more  curve  analyses  have 
been  included,  and  the  approximate  dis- 
tribution of  the  different  forms  of  chloro- 
phyll a  has  been  calculated  as  the  per- 
centage of  the  area  that  each  form  of 
chlorophyll  a  contributes  to  their  total. 
In  Table  4  the  average  of  this  approximate 
distribution  of  chlorophyll  a  among  the 
different  forms  is  presented  for  both  frac- 
tions of  chloroplasts.  The  main  difference 
between  the  fractions  is  in  the  greater 
amount  of  Ca  683  in  fraction  1. 

These  component  bands  have  been  de- 
rived from  measurements  at  liquid  nitro- 
gen temperature  of  fractions  of  algal 
homogenates  that  give  particularly  sharp 
spectra.  We  would  like  to  know  if  these 
bands  will  also  give  adequate  fits  to  less 
distinct  spectral  curves.  Therefore,  the 
bands  described  in  Tables  2  and  3  were 
used  as  input  bands  for  analyzing  the  less 
sharp  spectra  shown  in  Fig.  25.  After 
modification  by  the  curve  fitting  program, 
the  bands  were  somewhat  widened,  but 
were  left  in  essentially  the  same  wave- 
length position  except  for  those  fitting 
the  chlorophyll-protein  prepared  from 
mustard.  The  characteristics  of  these 
bands  for  the  less  sharp  spectra  are  given 
by  French,  Brown,  and  Lawrence,  1971 
(submitted  for  publication). 

Another  attempt  to  use  the  bands  de- 
rived from  sharp  spectra  to  fit  diffuse 
spectra  was  made  by  comparing  fraction 
1  and  fraction  2  preparations  from  Sticho- 
coccus  that  had  been  measured  both  at 
liquid  nitrogen  and  at  room  temperature. 
In   this   experiment,   the    bands   derived 


from  analysis  of  the  low-temperature 
spectra  were  used  as  input  bands  for  the 
room  temperature  spectra  of  the  same 
samples.  The  resulting  curve  analyses  in 
Fig.  26,  with  the  components  described  in 
Table  5,  showed  an  obvious  broadening 
of  the  bands  at  room  temperature.  The 
two  shorter-wavelength  vibrational  bands 
show  no  significant  difference  in  width 
at  the  two  temperatures.  The  increase  in 
width  at  room  temperature  is  about  3  nm 
for  the  main  bands.  The  relative  heights 
of  the  650,  662,  670,  and  677  nm  bands 
are  in  about  the  same  proportion  in  the 
spectra  at  the  two  temperatures,  as  may 
be  seen  by  visual  inspection  of  the  curves 
in  Fig.  26.  If  these  components  derived 
by  curve  analysis  represent  actually  ex- 
isting forms  of  chlorophyll,  they  should 
be  in  the  same  proportion  at  the  two  tem- 
peratures. However,  the  somewhat  hy- 
pothetical relative  proportions  of  the 
components  as  calculated  from  their  areas 
show  about  as  much  correlation  between 
bands  of  the  two  fractions  at  one  temper- 
ature as  they  do  between  bands  of  the 
same  fraction  at  the  two  temperatures 
(Table  6).  There  is  also  a  lack  of  agree- 
ment on  the  height  of  the  683-nm  band, 
which  is  greater  in  the  room  temperature 
spectra  than  in  the  low-temperature 
spectra. 

In  summary,  we  may  say  that  the  rela- 
tive proportions  of  the  main  bands,  ex- 
cluding Ca  683,  are  more  or  less  reason- 
ably approximated  at  the  two  tempera- 
tures, but  that  a  precise  measure  of  the 
relative  proportions  of  the  different  forms 
in  room  temperature  spectra  cannot  yet 
be  evaluated  by  curve  analyses  of  low- 
temperature  spectra. 

As  discussed  in  another  section  of  this 
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Fig.  25.  Absorption  spectra  of  preparations  with  less  sharp  spectra  than  those  used  for  deriving 
the  components  are  also  fitted  by  bands  of  the  same  wavelength,  but  of  greater  width. 
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Fig.  26.   Absorption  spectra  of  Stichococcus  fractions  at  two  temperatures  and  the  component 
bands  that  add  to  fit  the  measurements.  Table  5  gives  the  characteristics  of  the  components. 
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TABLE  6.  Apparent  Distribution  of  Chlorophyll  Forms  as  Determined  from  Areas  of  Components 

in  — 196  °C  and  23  °C  Spectra  of  Stichococcus 


Chlorophyll  b 


Chlorophyll  a 


Chlorophyll  b 
as  Percent  of 
C6  640    C6  650  Total         Ca662    Ca670    Ca677    Co  683    Ca692    Ca705 


Fraction  1 

C118A-196°C 

14 

86 

C120A       23  °C 

16 

84 

Fraction  2 

C119A-196°C 

14 

86 

C121A       23°C 

13 

87 

20 

21 

23 

30 

16 

7 

3 

15 

19 

20 

32 

15 

11 

2 

23 

25 

22 

30 

15 

7 

2 

17 

22 

19 

32 

14 

11 

2 

report,  on  the  photochemical  activity  of 
chloroplast  particle  fractions,  Triton  in- 
creases the  activity  of  broken  chloroplasts 
for  cytochrome  c  oxidation.  This  treat- 
ment also  changes  the  spectrum  strik- 
ingly. The  apparent  difference  is  a  reduc- 
tion of  the  long-wavelength  bands  ac- 
companied by  an  increase  in  the  height 
of  the  shorter-wavelength  bands.  To 
make  a  quantitative  study  of  this  situa- 
tion, we  have  analyzed  the  room  tempera- 
ture spectra  of  spinach  fraction  1  with 
and  without  0.08%  Triton.  These  curve 
analyses  are  shown  in  Fig.  27,  and  the 
bands  that  resulted  are  described  by  the 
parameters   given   in   Table   7.    In   the 


columns  labeled  "Area"  of  Table  7,  we  see 
that  the  662  and  670  forms  of  chlorophyll 
have  been  increased  by  the  Triton  treat- 
ment, whereas  the  683,  692,  and  700  forms 
have  been  greatly  decreased.  The  im- 
portant thing  that  has  come  out  of  this 
comparison  is  that  the  new  material  gen- 
erated by  Triton  from  the  long-wave- 
length bands  is  not  a  Triton  complex  or 
some  unusual  form  of  chlorophyll,  but  it 
has  the  same  peak  wavelength  and  half- 
width  as  the  pre-existing  662  and  670 
forms  of  chlorophyll  found  in  the  un- 
treated preparations.  This  suggests  that 
portions,  at  least,  of  the  chlorophyll  forms 
absorbing  at  longer  wavelengths  are  ag- 


TABLE  7.   Gaussian  Components  That  Fit  Spectra  of  Spinach  Fraction  1 
with  and  without  Triton  at  23  °C 


Preparation 

Chlorophyll  b 
C6  640    C6650 

Chlorophyll  a 

Ca662 

Ca670 

Ca677 

Ca683 

Ca692 

Ca700 

C115B 

wavelength,  nm 

641.7 

652.0 

661.6 

669.7 

677.5 

684.8 

691.4 

702.0 

Control, 

width,  nm 

14.8 

13.4 

12.7 

11.5 

12.2 

11.7 

16.8 

30.9 

No  Triton 

area,  as  percent 

of  total  a  or  b 

27 

73 

12 

18 

26 

22 

14 

8 

C116A 

wavelength,  nm 

641.2 

651.8 

661.4 

669.8 

677.6 

684.6 

691.1 

699.6 

0.02%  Triton 

width,  nm 
area,  as  percent 

15.1 

13.8 

13.1 

12.5 

12.5 

11.9 

17.0 

29.1 

of  total  a  or  b 

24 

76 

13 

25 

26 

18 

12 

6 

C117A 

wavelength,  nm 

642.1 

651.9 

662.2 

670.1 

677.4 

684.6 

692.3 

699.9 

0.08%  Triton 

width,  nm 
area,  as  percent 

13.7 

12.9 

13.1 

11.7 

11.7 

11.8 

14.2 

31.4 

of  total  a  or  b 

25 

75 

20 

29 

26 

14 

7 

4 
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Fig.  27.  Absorption  spectra  and  their  component  bands  from  fraction  1  spinach  chloroplasts 
with  and  without  Triton  at  room  temperature.  Table  7  gives  the  characteristics  of  the  compo- 
nents. 
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gregates  of  shorter-wavelength  com- 
ponents, and  that  they  can  be  easily  dis- 
rupted by  detergent  treatment. 

The  major  challenge  in  studies  of 
chlorophyll  forms  by  curve  analysis  at 
the  present  time  is  to  bridge  the  gap  be- 
tween the  definite  and  reproducible  re- 
sults from  data  at  liquid  nitrogen  tem- 
perature, where  the  spectra  are  sharp, 
and  the  more  diffuse  room  temperature 
spectra.  This  is  a  particularly  important 
question  because  the  analyses  of  room 
temperature  spectra  must  be  used  as  a 
basis  for  interpreting  action  spectra  for 
the  two  photochemical  systems. 

We  wish  to  ,  acknowledge  NSF  grant 
GB  8630,  which  made  these  computer 
analyses  possible. 


to  have  reactions  of  both  photosystems. 
Previous  studies  with  sub-chloroplast 
fractions  (Year  Book  67,  p.  508)  and 
with  mutants  of  Oenothera  hookeri  have 
shown  that  the  pigment  complexes  asso- 
ciated with  photosystem  1  and  photo- 
system  2  have  different  absorption  spec- 
tra. Studies  of  the  absorption  spectra  of 
isolated  bundle  sheath  and  mesophyll 
chloroplasts  of  Sorghum  sudanense  by  the 
curve  analysis  technique  ( Year  Book  69, 
p.  662)  are  reported  here.  Bundle  sheath 
chloroplasts  of  this  species  have  been 
shown  by  electron  microscopy  to  be 
agranal  (Bisalputra  et  al.,  1969)  and  to 
lack  the  capacity  for  noncyclic  electron 
flow  in  photosynthesis  (Downton  et  al., 
1970). 


Curve  Analysis  of  Low-Temperature 

Spectra  of  Mesophyll  and  Bundle 

Sheath  Chloroplasts  of  Sorghum 

sudanense     in     Comparison     to 

Naturally    and    Artificially 

Separated  Pigment  Systems 

of  Higher  Plants 

C.  S.  French  and  J.  A.  Berry 

Chloroplasts  of  the  mesophyll  and 
bundle  sheath  tissues  of  plants  with  the 
C4-dicarboxylic  acid  pathway  of  photo- 
synthesis differ  in  their  metabolism,  and 
apparently  the  two  types  of  chloroplasts 
cooperate  in  carrying  out  the  carbon  re- 
actions of  photosynthesis  (Year  Book  69, 
p.  649).  The  chloroplasts  of  these  tissues 
differ  in  ultrastructure  (Year  Book  69, 
p.  629).  Bundle  sheath  chloroplasts  are 
generally  larger  and  accumulate  much 
more  starch  than  the  mesophyll  chloro- 
plasts of  the  same  plant.  In  some  plants 
the  bundle  sheath  chloroplasts  have  no 
grana  (agranal).  In  a  recent  study,  Woo 
et  al.  (1970)  presented  evidence  that  the 
bundle  sheath  chloroplasts  of  one  species, 
Sorghum  bicolor,  which  are  agranal, 
possess  the  reactions  of  photosystem  1 
but  lack  the  reactions  of  photosystem  2. 
In  contrast,  granal  bundle  sheath  chloro- 
plasts of  Atriplex  spongiosa  were  shown 


Materials  and  Methods 

Young  field-grown  leaves  of  Sorghum 
sudanense  were  cut  into  1-cm  pieces. 
Bundle  sheath  and  mesophyll  chloroplast 
fragments  were  isolated  by  a  differential 
grinding  technique  similar  to  that  de- 
scribed in  Woo  et  al.  (1970).  Mesophyll 
chloroplasts  were  released  by  a  10-sec 
grinding  in  a  pint  Osterizer  jar  with 
buffered  0.4  M  sucrose.  Strands  of  intact 
bundle  sheath  cells  were  recovered  on 
Miracloth  after  blending  leaf  material  in 
hypotonic  buffer  for  1  min.  Chloroplasts 
were  released  from  the  strands  by  grind- 
ing with  0.4  M  buffered  sucrose  in  a  glass 
homogenizer.  Purity  of  the  chloroplast 
preparation  was  assessed  by  suspending  a 
sample  of  each  in  the  tetranitroblue  tetra- 
zolium  chloride  (TNBT)  medium  de- 
scribed by  Downton  et  al.  (1970)  and 
viewing  with  a  microscope.  Previous 
studies  have  shown  that  only  the  meso- 
phyll chloroplasts  reduce  TNBT  to  the 
purple  diformizan.  Very  low  (<1%) 
levels  of  bundle  sheath  chloroplasts  (no 
reaction  with  TNBT)  were  detected  con- 
taminating the  mesophyll  chloroplast 
preparations,  and  also  very  few  (<5%) 
mesophyll  chloroplasts  (TNBT  reactive) 
were  detected  in  bundle  sheath  prepara- 
tions.   The  intact   chloroplasts  in   each 
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Fig.  28.  Curve  analysis  of  the  absorption  spectra  of  Sorghum  sudanense  bundle-sheath  chloro- 
plast  fragments  (C106A)  and  Sorghum  sudanense  mesophyll  chloroplast  fragments  (C107A)  meas- 
ured at  -196°C. 
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preparation  were  fragmented  by  sonica- 
tion  for  2  min. 

The  supernatant,  after  centrifugating 
10  min  at  5000  g,  was  used  at  a  chloro- 
phyll concentration  of  5  /xg  ml"1.  Spectra 
at  liquid  nitrogen  temperature  were  de- 
termined in  the  spectrophotometer  de- 
scribed in  Year  Book  66,  p.  175.  Curve 
analysis  was  carried  out  on  digitized 
spectra  as  described  in  Year  Book  69,  p. 
662. 

Results 

The  low  temperature  absorption  spec- 
tra of  sorghum  bundle  sheath  chloro- 
plast  fragments  and  mesophyll  chloro- 
plast  fragments  are  shown  in  Fig.  28. 
The  spectra  have  been  matched  with 
component  curves.  The  peak  wavelength 
and  bandwidth  of  each  component  curve 
are  given  in  Table  8.  The  percentage  of 
total  absorption  due  to  each  band  is  given 
in  Table  9.  It  is  clear  that  there  is  more 
absorption  due  to  the  longer  wavelength 
Ca  683  band  in  the  spectrum  of  the  sor- 
ghum bundle  sheath  chloroplast  frag- 
ments than  in  the  mesophyll  chloroplast 
spectrum.     The    larger    contribution    of 


longer  wavelength  bands  appears  to  be  a 
consistent  characteristic  of  chloroplast 
fragments  enriched  in  photosystem  1 
(French  et  al.,  1971).  This  may  be  seen 
by  comparing  the  curve  analysis  (Table 
9)  of  the  sorghum  bundle  sheath  spectrum 
to  similar  data  presented  for  an  Oenothera 
hookeri  mutant  Ily  which  has  only  photo- 
system  1  {Year  Book  67,  p.  503)  and  to  a 
spinach  fraction  1  preparation  which  also 
is  enricned  in  photosystem  1.  The  ab- 
sorption spectrum  thus  indicates  that  the 
bundle  sheath  chloroplasts  of  Sorghum 
sudanense  are  composed  predominantly 
of  photosystem  1  pigment  complex.  This 
is  in  agreement  with  the  findings  of 
Downton  et  al.  and  Woo  et  al.  that 
chloroplasts  of  this  type  have  abundant 
photosystem  1  photochemical  activity 
but  very  little,  if  any,  system  2  photo- 
chemical activity.  This  also  correlates 
well  with  the  findings  of  Bisalputra  et  al. 
that  these  chloroplasts  are  composed  pre- 
dominantly of  stroma  lamellae,  from 
which  Sane,  Park,  and  Goodchild  con- 
tend fraction  1  chloroplast  fragments  are 
derived.  It  is  of  interest  that  studies  of 
ultrastructure  of  the  Oenothera  mutant 


TABLE  8.  Peak  Wavelengths  and  Half  Widths  of  the  Component 

Curves  Used  To  Fit  the  Absorption  Spectra  of  Sorghum* 

Chloroplasts  at  — 196°C 


Bundle-Sheath 

Mesoprn 

'11 

Chloroplasts 

Chloroplasts 

C106A 

C107A 

Wavelength, 

Width. 

Wavelength, 

Width, 

nm 

nm 

nm 

nm 

Chlorophvll  b : 

C6  640 

640.5 

10.9 

640.0 

10.5 

C6  650 

649.2 

11.9 

649.9 

11.6 

Chlorophyll  a: 

Ca662 

661.8 

11.1 

661.5 

11.4 

Ca670 

669.6 

10.0 

669.6 

9.8 

Ca677 

676.9 

10.3 

676.7 

9.7 

Ca683 

683.6 

10.3 

683.5 

8.6 

C«692 

691.5 

10.5 

690.7 

9.4 

Ca705 

704.6 

23.4 

701.0 

25.1 

*  Comparable  data  for  spinach  and  algal  fractions  are  given  in 
Tables  2  and  3. 
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TABLE  9.  Percent  of  Absorption  in  the  Red  Region  Attributed  To  Each 

Form  of  Chlorophyll 


Fraction  1 

Fraction  2 

Con 

iplete 

Type  Spectra 

Type  Spectra 

Type  Spectra 

Sorghum 

Oenothera 

Spinach 

Oenothera 

Spinach 

Sorghum 

Spinach 

Bundle 

System  1 

Fraction 

System  2 

Fraction 

Meso- 

Homo- 

Sheath 

Mutant 

1 

Mutant 

2 

phyll 

genate 

C106A 

C36B 

C5D 

C37 

C6J 

C107A 

C47 

Chlorophyll  b 

C6  640 

22.7 

12.9 

20.7 

16.8 

15.2 

21.8 

18.6 

C6  650 

77.3 

87.1 

79.3 

83.2 

84.8 

78.2 

81.4 

Chlorophyll  a 

Ca  662  " 

18.0 

19.9 

19.0 

22.8 

25.1 

20.7 

20.5 

C«670 

21.8 

21.7 

21.1 

27.3 

25.5 

24.0 

24.6 

Ca677 

28.5 

27.3 

30.3 

36.9 

37.0 

32.0 

37.4 

C«683 

19.1 

19.5 

19.7 

8.7 

7.8 

13.5 

9.8 

Ca692 

6.2 

7.8 

6.9 

4.3 

4.6 

5.0 

5.3 

Ca705 

6.5 

2.8 

3.0 

4.8 

2.4 

Percent  of  total 

absorption 

due  to 

chlorophyll  b 

12.1 

15.4 

11.4 

17.9 

20.6 

15.1 

16.1 

Ily  indicate  the  presence  of  few  grana 
and  abundant  stroma  lamellae  (W. 
Stubbe,  personal  communication) . 

Curve  analysis  of  the  spectrum  of  frag- 
ments derived  from  the  mesophyll  chloro- 
plasts  given  in  Table  9  indicates  that  the 
spectrum  is  similar  to  the  spectrum  of 
an  unfractionated  spinach  chloroplast 
preparation.  The  sorghum  mesophyll 
spectrum  has  substantially  more  long 
wavelength  (Ca  683)  absorption  than 
does  the  spinach  fraction  2  or  Oenothera 
hookeri  mutant  II«  spectra  which  are 
enriched  in  system  2.  Thus,  there  is  no 
spectroscopic  evidence  to  indicate  a 
photochemical  specialization  of  the 
mesophyll  chloroplasts.  Electron  micro- 
graphs (Bisalputra  et  al.)  of  these  chloro- 
plasts show  the  presence  of  both  stroma 
lamellae  and  grana,  and  Woo  et  al.  found 
abundant  photosystem  1  and  2  activities 
in  isolated  mesophyll  chloroplasts  pre- 
pared from  Sorghum  bicolor. 

These  spectroscopic  studies  support  the 
idea  that  the  bundle  sheath  chloroplasts 
of  some  species  with  C4  photosynthesis 
have  become  photochemically  specialized 


to  carry  out  predominantly  photosystem  1 
reactions. 
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Continuous  Action  Spectra  of  Photo- 
synthetic  Partial  Reactions 

G.  S.  Chapman,  J.  S.  Brown,  M.  C.  Lawrence, 
and  C.  S.  French 

We  have  continued  the  effort  to  im- 
prove measurements  of  action  spectra  of 
the  two  photosy stems,  using  the  single 
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sample  method  of  Halldal  et  at.  {Year 
Book  69,  p.  670) .  The  objective  is  to  ob- 
tain results  precise  enough  to  allow  curve 
analysis  similar  to  that  already  used  on 
absorption  spectra  (Year  Book  69,  p. 
662).  To  obtain  an  action  spectrum,  we 
measure  the  change  in  absorption  of  a  dye 
caused  by  the  photochemical  activity  of  a 
chloroplast  fraction.  These  fractions  are 
prepared  by  the  extrusion  of  algae  or  leaf 
chloroplasts  through  a  needle  valve  and 
subsequent  separation  by  density  grad- 
ient centrifugation  {Year  Book  67,  p. 
508). 

The  apparatus  generates  a  plot  of  dye 
transmission  versus  time.  The  10-inch 
recorder  scale  corresponds  to  a  transmis- 
sion change  of  5  or  10  percent,  and  a 
precisely  known  offset  zero  is  provided  to 
put  the  recorder  scale  in  the  appropriate 
transmission  range.  This  transmission 
curve  is  digitized  and  then  converted  into 
an  action  spectrum  by  a  computer  pro- 
gram which  we  have  modified  and  ex- 
panded since  last  year.  The  following 
outline  describes  the  sequence  of  opera- 
tions now  performed  upon  the  digitized 
input  curves: 

1.  The  recorded  data  curve  is  con- 
verted into  true  values  of  transmission 
after  a  correction  is  made  for  the  large 
zero  offset  of  the  recorder. 

2.  The  transmission  curve  is  altered  to 
correct  for  leakage  of  actinic  light  through 
the  measuring  beam  filters  as  determined 
by  measurements  at  each  10  nra.  Error 
due  to  this  leakage  is  manifest  as  ab- 
normally high  transmission  in  the  lower 
wavelength  regions  of  the  recorder  trace. 

3.  The  curve  is  converted  from  trans- 
mission, T,  into  absorbance,  logm  (1/T). 

4.  The  absorbance  curve  is  differen- 
tiated by  fitting  an  equation  to  successive 
groups  of  nine  points,  according  to  the 
method  of  Jones  et  al.  (Year  Book  69, 
p.  673).  The  photosynthetic  activity  at 
any  given  time  is  proportional  to  the 
rate  of  change  of  dye  absorption  at  the 
same  instant  of  time.  Thus,  if  the  ab- 
sorbance curve  is  differentiated,  relative 
values  of  activity  as  a  function  of  time 


are  obtained.  Since  the  monochromator 
sweep  drive  and  the  recorder  paper  drive 
are  synchronized,  the  differentiated  curve 
is  also  a  measure  of  relative  activity  as  a 
function  of  wavelength. 

5.  The  observed  dark  reaction  rate  is 
subtracted  from  the  dA/dt  curve  of  step 
4.  Dark  rate  values  are  obtained  by 
measuring  the  rate  of  transmission 
change  in  the  absence  of  actinic  light  be- 
fore and  after  the  wavelength  sweep.  A 
linear  interpolation  between  these  two 
values  is  used. 

6.  A  correction  is  applied  for  the  de- 
cline in  reaction  rate  at  680  nm  during  the 
course  of  the  experiment.  Initial  and 
final  rates  at  680  nm  are  measured ;  inter- 
mediate values  are  then  interpolated  as- 
suming that  the  rate  declines  propor- 
tionally with  the  extent  of  total  absorb- 
ance change. 

7.  The  curve  is  corrected  for  variation 
of  actinic  beam  intensity  within  the  re- 
action vessel.  A  correction  curve  is  cal- 
culated based  on  (1)  the  known  actinic 
light  intensity  incident  on  the  vessel  at 
each  wavelength,  and  (2)  absorption 
within  the  vessel  at  each  wavelength  due 
to  dye  and  chlorophyll. 

8.  The  resulting  action  spectrum  is 
smoothed  and  plotted  as  described  last 
year. 

Steps  2,  5,  and  7  have  been  added  to 
the  program  during  the  past  year. 

A  number  of  action  spectra  have  been 
measured,  but  are  not  reported  here,  since 
the  techniques  are  still  being  improved. 
An  occasional  erroneous  shoulder  or  val- 
ley in  the  final  plot  is  still  found. 

We  wish  to  thank  NSF  for  grant  GB 
8630,  which  paid  for  the  computer  use. 

Photochemical  Activity  of  Chloro- 
plast Particle  Fractions 

J.  S.  Brown 

To  understand  the  relationships  of 
chlorophyll  forms  to  photochemical  reac- 
tions requires  the  measurement  of  action 
spectra  of  those  algal  particles  that  have 
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different  or  unusual  chlorophyll  absorp- 
tion. Therefore,  the  activity  of  particle 
fractions  from  different  plants  has  been 
surveyed ;  a  wide  variation  in  the  level  of 
activity  for  comparable  preparations 
from  different  species  was  found.  For 
measurable  action  spectra  a  reasonably 
high  activity  is  a  prerequisite. 

Two  kinds  of  activity  have  been  stud- 
ied. One  is  the  reduction  of  the  blue  dye 
2,6-dichlorophenolindophenol  (DCIP),  a 
photosystem  2  reaction,  and  the  other,  the 
oxidation  of  cytochrome  c,  a  photosystem 
1  reaction.  Initially,  the  oxidation  of 
DCIP  was  also  investigated,  but  this 
activity  reverses  strongly  in  the  dark  due 
to  the  re-reduction  of  the  dye  by  ascor- 
bate  and  is  therefore  not  suitable  for  con- 
tinuous recording.  The  survey  measure- 
ments have  been  performed  at  saturating 
light  intensity.  The  rate  at  saturating 
intensity  must  be  greatep  than  10  pinoles 
mg"1  chlorophyll  hr"1  if  the  preparation 
is  to  give  an  adequate  action  spectrum. 

Methods 

The  algae  and  chloroplasts  were  frac- 
tionated by  the  method  of  J.-M.  Michel 
and  M.-R.  Michel-Wolwertz  (Yeur  Book 
67,  p.  508),  further  described  in  Year 
Book  68,  p.  566.  One-liter  batches  of 
algal  cultures  were  harvested  near  the  end 
of  their  logarithmic  growth  phases.  The 
preparations  of  chloroplast  fractions  were 
kept  cold,  and  measurements  were  made 
within  a  few  hours.  In  the  later  experi- 
ments bovine  serum  albumin  (BSA)  was 
added  to  the  homogenates  to  a  final  con- 
centration of  0.1%  before  centrifugation 
in  the  sucrose  gradients. 

The  apparatus  for  measuring  the  light- 
saturated  reaction  rates  was  very  similar 
to  that  described  in  Year  Book  69,  p.  679. 
The  rate  of  change  in  transmission  of  a 
low  intensity  measuring  light  was  re- 
corded when  a  high  intensity  actinic  light 
fell  on  the  cuvette  at  right  angles  to  the 
measuring  light.  A  pair  of  interference 
filters  selected  measuring  light  of  593  nm 
for  the  DCIP  change  and  550  nm  for  the 


cytochrome  c  change.  The  filters  also 
protected  the  photomultiplier  from  the 
actinic  light.  Actinic  light  from  a  650  w 
quartz-iodine  sun  gun  lamp,  type  DWY, 
was  passed  through  a  Schott  red  glass 
filter,  RG-5,  and  provided  an  intensity 
greater  than  105  ergs  cm-2  sec-1,  which 
was  sufficient  to  saturate  the  reactions. 

For  DCIP  reduction  the  cuvette  con- 
tained 20  fxM  DCIP,  0.04%  BSA,  and  4 
to  8  fig  chlorophyll  ml"1  in  0.05  M  Tricine, 
pH  7.5.  A  molar  extinction  coefficient  of 
20,000  M1  cm1  at  600  nm  for  DCIP  was 
used.  For  the  measurement  of  DCIP 
oxidation  the  cuvette  contained,  in  addi- 
tion, 50  fxM  Na  ascorbate  to  reduce  the 
DCIP,  8  fxM  DCMU  to  inhibit  photo- 
reduction  by  photosystem  2,  and  20  fiM 
methyl  viologen  to  act  as  an  intermediate 
in  the  electron  transfer  from  reduced 
DCIP  to  02.  Only  the  initial  rate  was 
measured  because  the  back  reaction  of 
DCIPH2  with  ascorbate  soon  caused  the 
apparent  oxidation  rate  to  decrease. 

The  method  for  the  oxidation  of  mam- 
malian cytochrome  c  was  described  in 
Year  Book  69,  p.  679.  The  reaction  mix- 
ture contained  40  to  60  fxM  reduced  horse 
heart  cytochrome  c,  0.02%  BSA,  8  fiM 
DCMU,  40  fxM  methyl  viologen,  4  ml 
KCN,  approx.  2  fiM  plastocyanin,  0.08% 
Triton  X-100  (Rohm  and  Haas)  when 
added,  0.05  fiM  Tricine  (pH  7.5),  and 
from  2  to  8  fig  chl.  ml"1. 

Particles  from  blue-green  algae  will 
oxidize  exogenous  cytochrome  c  at  a  high 
rate  without  added  plastocyanin,  but 
those  from  other  algae  and  leaves  require 
it  for  this  activity  (F.  Murano  and  Y. 
Fujita,  1967).  Plastocyanin  was  pre- 
pared by  a  modified  method  of  Katoh 
et  al.  (1962)  from  spinach  and  from 
Atriplex  patula. 

Potassium  cyanide  was  added  to  retard 
dark  enzymic  oxidation  of  the  cyto- 
chrome. The  amount  of  dark  oxidation 
was  highly  variable,  and,  if  present,  was 
greater  in  the  homogenate  than  in  the 
fraction  2  that  was  partially  separated 
from  the  soluble  oxidases  by  passage 
through  the  sucrose  gradient. 
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Results  and  Discussion 

Effect  of  pH  on  DCIP  reduction.  Arm- 
strong, 1964,  found  that  the  cm  for  DCIP 
varied  from  about  10,000  to  22,000  M"1 
cm"1  at  600  nm  between  pH  5.8  and  7.5. 
These  values  were  used  in  a  study  of  the 
effect  of  pH  on  DCIP  reduction  by  par- 
ticles from  three  algae.  With  Porphyrid- 
ium  the  rate  increased  from  12  to  38 
^moles  mg"1  chl.  hr"1  between  pH  6.2  and 
7.5.  With  Eresmosphaera  the  activity 
was  about  12  pinoles  mg"1  chl.  hr"1  be- 
tween pH  5.8  and  7.4  and  slightly  lower 
at  7.9.  With  Phaeodactylum  the  rate  was 
11  at  pH  5.8  and  4  at  pH  7.8.  These  lat- 
ter values  may  be  too  small  to  be  signifi- 
cant. I  have  chosen  to  measure  the  reac- 
tions at  pH  7.5  because  the  algal  particles 
are  normally  prepared  at  this  pH,  and  it 
appears  to  be  an  optimum  for  both  Por- 
phyridium  and  Eresmosphaera.  I  may 
reinvestigate  the  pH  effect  with  Phaeo- 
dactylum if  I  can  find  a  way  to  increase 
the  overall  activity  of  this  species. 

Effect  of  bovine  serum  albumin  (BSA) 
on  particle  activity.  BSA  is  frequently 
added  to  media  used  to  prepare  chloro- 
plast  suspensions  because  it  seems  to 
protect  the  exposed  chloroplasts  against 
damage  by  fatty  acids  and  other  sub- 
stances released  from  the  cells.  I  found 
that  when  BSA  was  added  to  the  cell  sus- 
pension before  passage  through  the  needle 
valve,  breakage  was  very  poor  and  no 
fractionation  could  be  achieved.  How- 
ever, when  the  homogenate  was  made 
0.1%  BSA,  some  protection  against  loss 
of  activity  was  observed.  This  is  shown 
in  Table  10  with  Chlamydomonas  frac- 
tions. Generally  speaking,  the  rate  of 
DCIP  reduction  (system  2)  declined 
fairly   rapidly  with  age  of  the  particle 

TABLE  10.   Protective  Effect  of  0.1%  BSA  on 

Activity  of  Chlamydomonas  Fractions 

(moles  mg-1  chl.  hr"1) 

-BSA      +BSA 

DCIP  reduction,  fraction  2  126  175 

DCIP  oxidation,  fraction  1  82  147 


preparations,  but  the  rate  for  cytochrome 
oxidation  (system  1)  remained  high  for 
at  least  24  hours. 

Activity  of  fractions  from  various 
algae.  Table  11  shows  the  highest  repeat- 
able  light-saturated  rates  for  DCIP  re- 
duction and  oxidation  and  for  cyto- 
chrome c  oxidation  observed  with  particle 
preparations  from  a  variety  of  plants. 
The  experiment  with  Botrydiopsis  was 
performed  only  once  and  without  BSA. 
Since  the  reaction  rate  has  to  be  greater 
than  10  ^moles  mg"1  chl.  hr"1  in  order  for 
its  action  spectrum  to  be  measurable,  we 
need  to  find  ways  to  improve  the  activity, 
particularly  of  system  2,  in  such  algae  as 
Botrydiopsis,  Phaeodactylum,  Porphy- 
ridium,  and  Stichococcus. 

I  reported  in  Year  Book  68,  p.  568,  that 
fractions  from  Porphyridium  had  differ- 
ent fluorescence  spectra.  Recently  I  re- 
peated those  measurements  and  observed 
no  differences  in  absorption  or  fluores- 
cence between  the  large  and  small  Por- 
phyridium particles.  Therefore,  I  now 
conclude  that  this  red  alga  is  more  like 
the  blue-green  algae,  which  do  not  sep- 
arate into  different  fractions  by  the  pro- 
cedure used.  In  this  current  investigation 
I  measured  the  activity  of  the  homogenate 
and  the  sediment  separated  from  it  by 
centrifugation  at  60,000  g  for  45  min. 

Effect  of  Triton  X-100  on  cytochrome 
oxidation  and  chlorophyll  absorption. 
There  is  extensive  literature  on  the  rela- 
tionship between  plastocyanin,  deter- 
gents, and  cytochrome  c  photo-oxidation 
or  system  1  activity  by  chloroplasts. 
Bishop  et  al.  (1959)  found  that  a  photo- 
oxidase  called  Factor  2  was  necessary  for 
exogenous  cytochrome  c  oxidation  by 
chloroplasts,  and  that  this  factor  was 
widely  distributed  in  photosynthetic  tis- 
sues. Later  Katoh  and  Takamiya  (1963) 
studied  this  same  reaction  and  found  that 
plastocyanin,  which  they  had  also  puri- 
fied (Katoh  et  al.,  1962) ,  was  the  same  as 
Factor  2. 

Vernon  and  Shaw  (1965)  showed  the 
uncoupling  effect  of  Triton  below  0.01%, 
and  the  complete  inhibition  of  system  2 
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TABLE  11.  Photochemical  Activity  of  Chloroplast  Particles 

Prepared  from  Spinach  and  Various  Algae 

(moles  mg"1  chl.  hr-1) 


Plant  Material 

DCIP 

Cytochi 

rome  c 

Oxidation 

Reduc 

Oxida- 

tion 

tion 

—Triton 

+Triton 

Spinach 

Homogenate 

28 

139 

Fraction  1 

1 

300 

80 

300 

Fraction  2 

54 

142 

49 

180 

C  hlamydomonas  rheinhardii 

Homogenate 

40 

175 

56 

133 

Fraction  1 

2 

147 

100 

250 

Fraction  2 

40 

152 

33 

125 

Eresmosphaera  viridis 

Chloroplasts 

120 

30 

Homogenate 

30 

11 

Stichococcus  bacillaris 

Homogenate 

14 

59 

54 

206 

Fraction  1 

0 

22 

98 

207 

Fraction  2  y 

10 

75 

24 

146 

Botrydiopsis  alpina 

Homogenate 

0 

11 

Fraction  1 

0 

60 

Fraction  2 

4 

46 

Phaeodactylum  tricornutum 

Homogenate 

4 

19 

4 

6 

Fraction  1 

0 

8 

5 

14 

Fraction  2 

7 

4 

2 

0 

Porphyridium  cruentam 

Homogenate 

10 

146 

26 

101 

Sediment 

3 

72 

19 

70 

Details  of  the  reaction  mixtures  are  given  in  text. 


above  that  concentration.  At  concentra- 
tions between  0.01  and  0.12%,  Triton 
stimulated  cytochrome  c  oxidation,  and 
plastocyanin  was  required.  At  higher 
concentrations  of  Triton,  chlorophyll  was 
solubilized,  and  such  mixtures  performed 
only  limited  photochemistry  that  was  not 
affected  by  added  enzymes.  Vernon  et 
al.  (1967)  measured  action  spectra  for 
P700  oxidation,  electron  spin  resonance 
signal  production,  and  NADP  reduction 
by  small  chloroplast  particles  fraction- 
ated by  Triton  and  differential  centrif- 
ugation.  They  showed  similar  system  1 
action  spectra  for  these  three  reactions 


with  peaks  located  around  682  nm  and 
an  absorption  peak  for  the  particles  at 
678  nm.  They  reported  that  when  Triton 
was  added  to  the  reaction  mixtures,  the 
maxima  of  the  action  spectra  were  not 
changed,  but  the  absorption  maximum 
was  shifted  to  673  nm. 

My  results  with  the  press-treated  par- 
ticles have  essentially  verified  and  ex- 
tended the  above  results  to  other  plant 
material.  Table  11  shows  the  two-  to 
sixfold  stimulation  of  cytochrome  c  oxi- 
dation by  0.08%  Triton  in  the  presence 
of  2  fiM  plastocyanin.  Occasionally  I 
observed   some   cytochrome   c  oxidation 
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with  Triton  alone,  but  this  was  not  re- 
producible and  may  have  been  due  to 
residual  plastocyanin  in  the  particle 
preparation. 

Recently  Fork  and  Murata  (1971) 
found  that  0.08%  Triton  stimulated  the 
dark  reduction  of  P700  in  press-treated 
system  1  particles  by  both  mammalian 
cytochrome  c  and  plastocyanin.  Their 
results  suggest  that  P700,  the  photoreac- 
tive  center,  in  these  particles  is  not  ac- 
cessible to  relatively  large  enzyme  mole- 
cules until  treated  with  detergent.  My 
results  may  be  explained  by  assuming 
that  Triton  stimulates  the  oxidation  by 
opening  up  the  photoreactive  centers  to 
plastocyanin,  the  electron  carrier  from 
cytochrome  c. 

An  observation  that  may  be  relevant 
to  this  explanation  is  the  increased  stimu- 
lation of  cytochrome  oxidation  by  Triton 
with  fraction  2  as  compared  to  fraction  1. 
This  is  shown  in  Table  11  for  Chlamy- 
domonas  and  Stichococcas  fractions.  In 
another  experiment  with  spinach,  not 
shown,  the  activity  with  fraction  1  was 
increased  by  2.8  times  to  548  and  with 
fraction  2  by  10.6  times  to  470  /mioles 
rag"1  chl.  hr"1.  Possibly  P700  is  more 
deeply  buried  in  the  grana-stack  frag- 
ments of  fraction  2  than  in  the  smaller 
lamellar  particles  of  fraction  1.  There- 
fore, the  effect  of  Triton  is  greater  on 
fraction  2  even  though  the  final  activity 
is  always  lower  because  the  ratio  of  P700 
to  chlorophyll  is  lower  in  fraction  2. 

The  amount  of  stimulation  by  Triton 
is  dependent  upon  the  light  intensity. 
Triton  increased  the  rate  of  cytochrome 
oxidation  by  homogenated  spinach 
chloroplasts  by  a  factor  of  four  under 
light-saturating  conditions,  but  only  by 
two  when  the  rate  was  proportional  to 
light  intensity.  Incubation  of  chloroplast 
particles  with  0.1%  Triton  at  20°C  for  15 
minutes  in  the  dark,  before  the  addition 
of  the  other  reactants  for  the  measure- 
ment of  cytochrome  oxidation,  caused  a 
30%  decrease  in  the  rate  compared  to 
that  measured  immediately.  All  these 
results  indicate  that  even  low  concentra- 


tions of  Triton  (0.02-0.1%)  slowly  dis- 
integrate chloroplast  fragments.  At  first 
there  is  a  stimulation  of  photoreactivity 
due  to  the  exposure  of  the  reaction  cen- 
ter chlorophyll,  but  later  an  inhibition 
when  the  essential  structure  becomes 
damaged. 

I  also  observed  a  shift  in  the  absorption 
maximum  from  about  679  to  671  nm 
caused  by  0.08%  Triton,  but  little  or  no 
shift  in  the  action  spectra  for  cytochrome 
oxidation  by  spinach  particles  and  three 
algal  preparations.  Figure  29  illustrates 
the  change  in  chlorophyll  absorption  with 
0.02  and  0.08%  Triton.  With  0.02% 
Triton  the  shift  is  slowly  time  dependent 
and  slower  at  10°C  than  at  20°C.  How- 
ever, at  0.08%  the  change  is  soon  com- 
pleted, and  the  peak  is  not  shifted  more 
by  increasing  the  concentration  to  0.12% 
Triton.  Vernon  et  al.  (1967)  suggested 
that  this  effect  indicates  the  presence  of 
chlorophyll  in  the  particle  that  is  inactive 
for  system  1  but  accessible  to  the  action 
of  Triton.  Another  way  of  stating  this  is 
to  assume  that  the  chlorophyll  form 
active  in  system  1  accounts  for  only  a 
small  proportion  of  the  total  absorption 
near  680  nm.  Figure  27  and  Table  7,  de- 
scribed in  the  section  on  the  forms  of 
chlorophyll,  show  the  curve  analyses  of 
these  spectra.  Triton  converts  long  wave- 
length chlorophyll  forms  into  shorter 
wavelength  forms,  similar  to  the  natural 
complexes,  rather  than  to  types  with 
different  spectra.  The  change  is  in  the 
relative  proportions  of  the  forms  as 
shown  by  their  areas.  Ca  662  and  Ca  670 
are  increased  in  proportion  to  the  other 
components  by  Triton  treatment.  The 
remaining  long  wavelength  forms,  how- 
ever, are  the  only  active  components  of 
the  converted  preparation. 

Kahn  and  Bannister  (1965)  prepared 
with  dilute  Triton  a  photoreactive  pro- 
tein-chlorophyll complex  having  an  ab- 
sorption maximum  at  671  nm.  They 
found  that  this  complex  had  several  prop- 
erties in  common  with  chlorophyll  in  vivo 
and  differed  greatly  from  chlorophyll 
solubilized  with  high  Triton  concentra- 
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Fig.  29.  The  absorption  spectra  of  fraction  1  from  spinach,  with  and  without  0.02   and   0.08% 
Triton  X-100,  measured  at  20° C. 


tions.  The  latter  had  an  absorption 
maximum  at  668  nm  and  an  increased 
extinction  coefficient.  It  seems  likely  that 
the  chlorophyll  in  our  Triton-treated 
preparations  is  in  a  form  similar  to  this 
protein-chlorophyll  complex  and  not 
solubilized  in  detergent  or  lipids. 

References 

Armstrong,  J.  McD.,  Biochim.  Biophys.  Acta, 
86,  194,  1964. 

Bishop,  N.  I.,  H.  Nakamura,  J.  Blatt,  and  B. 
Vennesland,  Plant  Physiol.,  34,  551,  1959. 

Fork,   D.   C,   and   N.   Murata,   Photochem. 

PhotobioL  13,  33,  1971. 
Kahn,  J.  S.,  and  T.  T.  Bannister,  Photochem. 

PhotobioL,  4,  27,  1965. 

Katoh,  S.,  I.  Shiratori,  and  A.  Takamiya,  J. 
Biochem.  (Tokyo),  51,  32,  1962. 

Katoh,    S.,    and    A.    Takamiya,    Plant    Cell 
Physiol,  4.  335,  1963. 

Murano,  F.,  and  Y.  Fujita,  Plant  Cell  Physiol., 
8,  673,  1967. 

Vernon,  I.  P.,  and  E.  Shaw,  Plant  Physiol., 
40,  1269,  1965. 


Vernon,  I.  P.,  B.  Ke,  and  E.  R.  Shaw,  Bio- 
chemistry, 6,  2210,  1967. 


Water-Soluble  Chlorophyll-Proteins 

from  Brassica  nigra  and  Lepidium 

virginicum  L. 

Teruyo  Murata  and  Norio  Murata 

Water  -  soluble  chlorophyll  -  proteins 
were  extracted,  without  using  any  deter- 
gent, from  leaves  of  Chenopodium  album 
(Yakushiji  et  al.,  1963)  and  from  the  in- 
florescence of  Brassica  oleracea  var. 
Botrys  (cauliflower)  (Murata  et  al., 
1971).  This  type  of  chlorophyll-protein 
appears  to  serve  as  good  material  for 
studying  the  interaction  between  chloro- 
phyll molecules  as  well  as  between  chloro- 
phyll and  protein  molecules.  In  the  pres- 
ent study,  water-soluble  chlorophyll-pro- 
teins were  prepared  from  leaves  of 
Brassica  nigra  and  Lepidium  virginicum 
L. 

Preparation  of  chlorophyll-protein 
from  Brassica  nigra.   Brassica  nigra  was 
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collected  on  the  campus  of  Stanford  Uni- 
versity. Fresh  leaves  (177  g)  were  ground 
in  a  blender  in  250  ml  of  0.1  M  phosphate 
buffer  (?>H  7.0).  Fragments  were  filtered 
out  with  four  layers  of  cheese  cloth.  The 
green  juice  was  made  to  25%  saturation 
with  ammonium  sulfate.  The  precipitate 
was  removed  by  centrifugation.  Ammon- 
ium sulfate  was  further  added  to  the 
supernatant  until  its  concentration  was 
70%  of  saturation.  The  precipitate  was 
collected  on  a  Buchner  funnel  using 
Standard  Super-Gel.  This  was  then  dis- 
solved in  0.1  M  phosphate  buffer.  After 
dialysis  against  0.02  M  phosphate  buffer 
for  18  hours  at  5°C,  the  solution  was 
applied  to  a  column  of  DEAE-cellulose. 
The  chlorophyll-protein  was  not  adsorbed 
on  the  column.  The  green  eluate  was  ad- 
justed to  50%  saturation  with  ammonium 
sulfate  and  centrifuged.  The  precipitate 
was  dissolved  in  0.02  M  phosphate  buffer, 
dialyzed  against  the  same  phosphate  buf- 
fer, and  again  applied  to  a  DEAE  cellu- 
lose column.  The  chlorophyll-protein 
was  adsorbed,  and  the  column  was 
first  washed  with  0.02  M  and  then 
0.05  M  phosphate  buffer.  The  chloro- 
phyll-protein was  eluted  with  0.1  and  0.2 
M  phosphate  buffer.  The  fraction  of  the 
green  solution  precipitating  between  20% 
and  50%  saturation  with  ammonium  sul- 
fate was  collected.  This  was  dissolved  in 
0.02  M  phosphate  buffer.  The  solution 
(30  ml)  showed  an  absorbance  of  0.1  at 
673  nm  in  a  1-cm  cuvette.  The  ammon- 
ium sulfate  fractionation  was  repeated 
several  times.  Finally,  the  protein  was 
purified  with  gel  nitration  on  Sephadex 
G-100.  The  pH  value  of  phosphate  buffer 
used  was  always  7.0. 

Preparation  of  chlorophyll-protein 
from  Lepidium  virginicum  L.  Lepidium 
virginicum  L.  was  cultivated  in  a  green- 
house from  seeds  collected  near  Mono 
Lake,  California.  Leaves  (360  g)  were 
ground  in  a  blender  in  600  ml  of  10% 
NaCl  solution  (pH  7.0).  The  fragments 
were  filtered  out  with  four  layers  of 
cheese  cloth.  The  green  juice  was  made 
to  30%  saturation  with  ammonium  sul- 


fate and  then  centrifuged.  The  super- 
natant was  made  to  100%  saturation  with 
ammonium  sulfate.  After  standing  for 
30  min,  the  precipitate  was  collected  on  a 
Buchner  funnel  using  Standard  Super- 
Gel.  It  was  dissolved  in  130  ml  of  0.1  M 
phosphate  buffer  and  then  dialyzed 
against  0.02  M  phosphate  buffer.  A  col- 
umn of  DEAE-cellulose  was  made  into 
the  chloride  form  and  then  equilibrated 
with  0.02  M  phosphate  buffer.  The 
chlorophyll-protein  was  adsorbed  on  the 
column.  It  was  washed  with  0.02M,  0.05 
M,  and  0.2  M  phosphate  buffer.  The 
chlorophyll-protein  was  eluted  with  a 
solution  containing  0.25  M  NaCl  and  0.2 
M  phosphate  buffer.  This  preparation 
was  fractionated  with  ammonium  sulfate, 
and  the  fraction  between  80%  and  100% 
saturation  of  the  salt  was  collected.  The 
chlorophyll-protein  preparation  thus  ob- 
tained was  dissolved  in  0.1  M  phosphate 
buffer  (20  ml)  and  showed  an  absorbance 
of  0.53  at  660  nm  in  a  1-cm  cuvette.  The 
protein  was  further  purified  with  DEAE- 
cellulose  column  chromatography  and 
fractionation  with  ammonium  sulfate. 
Finally,  gel  filtration  with  Sephadex  G- 
100  was  performed  twice.  The  pH  value 
of  phosphate  buffer  used  was  always  7.0. 

Chlorophyll  determination.  Chloro- 
phyll was  extracted  from  the  chlorophyll- 
proteins  with  2-butanone  (methylethyl 
ketone) .  The  green  butanone  and  color- 
less water  layers  were  separated  after 
centrifugation.  The  butanone  solution  of 
chlorophyll  was  dried  with  anhydrous 
Na2S04  and  evaporated  in  a  vacuum.  The 
residue  was  dissolved  in  an  acetone-water 
mixture  (4:1,  v/v).  Chlorophyll  a  to  6 
ratios  determined  by  the  method  of  Arnon 
(Arnon,  1949),  were  8.0  in  the  Brassica 
chlorophyll-protein  and  1.25  in  the  Lepi- 
dium chlorophyll-protein.  There  was  no 
indication  of  any  other  pigment  present 
in  the  chlorophyll-proteins. 

Molecular  weight.  The  molecular 
weights,  determined  by  gel  filtration  on 
Sephadex  G-100  packed  in  a  1.5  X  90 
cm  column,  were  93,000  for  Brassica 
chlorophyll-protein  and  40,000  for  Lepi- 
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Fig.  30.   Absorption  spectrum  of  chlorophyll-protein  from  Brassica  ni 


700 
nigra,  measured  at  20° C. 


dium  chlorophyll-protein.  The  column 
was  standardized  with  samples  of  cyto- 
chrome c,chymotrypsinogen,  bovine  serum 
albumin,  y-globulin,  and  blue  dextran. 

Absorption  spectra.  Brassica  chloro- 
phyll-protein showed  absorption  peaks  at 
673,  628,  436,  420,  382,  341,  and  276  nra 
(Fig.  30) .  The  absorption  of  the  red  peak 
at  673  nm  was  higher  than  that  of  the 
Soret  band  at  436  nm.  The  spectrum  was 
distinctly  different  from  that  of  chloro- 
phyll a  in  organic  solvent  or  in  chloro- 


plasts  in  which  the  Soret  band  always  has 
higher  absorbance  than  the  red  band.  In 
this  respect,  the  chlorophyll-protein  of 
Brassica  nigra  resembles  that  of  cauli- 
flower (Murata  et  al,  1971). 

Curve  analysis  was  performed  on  an 
absorption  spectrum  measured  at  liquid 
nitrogen  temperature.  The  red  band  con- 
sisted of  four  components  having  peaks 
at  662  (halfwidth,  12),  670  (11),  676  (10), 
and  684  (9)  nm. 

Lepidium   chlorophyll-protein   showed 
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Fig.  31.   Absorption  spectrum  of  chlorophyll-protein  from  Lepidium   virginicum,   measured  at 
20°C. 
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Fig.  32.  Fluorescence  spectra  and  a  part  of  the  absorption  spectra  of  chlorophyll-proteins,  meas- 
ured at  20 °C. 


absorption  peaks  at  660,  617,  469,  439, 
420,  382,  339,  317,  291,  284,  and  265  nm 
(Fig.  31).  The  Soret  band  of  chlorophyll 
b  at  469  nm  had  the  highest  absorption  in 
the  visible  region. 

Curve  analysis  of  the  red  absorption 
band  suggested  that  it  was  composed  of 
three  forms  of  chlorophyll:  one  having  a 
peak  at  649  nm  (halfwidth,  12  nm)  due 
to  chlorophyll  6,  and  the  other  two  with 
peaks  at  659  (12)  and  668  (11)  nm,  due 
to  chlorophyll  a. 

Fluorescence  spectra.  Brassica  chloro- 
phyll-protein fluorescence  excited  at  437 
nm  showed  a  peak  at  683  nm  and  a  shoul- 
der at  744  nm  (Fig.  32).  Fluorescence  ap- 
pears in  chloroplasts  and  intact  cells  of 
green  plants  at  these  same  peak  positions. 

The  fluorescence  spectrum  of  Lepidium 
chlorophyll-protein  produced  by  excita- 
tion of  chlorophyll  a  at  440  nm  showed  a 
peak  at  672  nm  and  a  shoulder  at  730  nm 
(Fig.   32).    Since  the   chlorophyll    form 


with  a  peak  at  668  nm  was  the  longest 
wavelength  form  in  the  curve  analysis  of 
the  absorption  spectrum  of  the  Lepidium 
chlorophyll-protein,  this  chlorophyll  form 
must  be  the  source  of  the  fluorescence 
having  a  peak  at  672  nm.  When  chloro- 
phyll b  of  this  chlorophyll-protein  was 
excited  at  470  nm,  the  fluorescence  spec- 
trum was  just  the  same  as  that  produced 
by  excitation  of  chlorophyll  a.  This  fact 
indicates  an  efficient  excitation  transfer 
from  chlorophyll  b  to  chlorophyll  a  in 
the  protein  molecule. 
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PHYSIOLOGICAL  ECOLOGY  INVESTIGATIONS 


Further  Studies  on  Hybrids  Between 
C8  and  C4  Species  of  Atriplex 


hybrids  between  Atriplex  rosea,  a  species 
with  the  C4  or  /?-carboxylation  pathway 
of  photosynthesis  (C4  species),  and 
Atriplex  patula  ssp.  hastata,  a  species 
with  the  conventional  reductive  pentose 
As  reported  last  year,  first-generation  phosphate  pathway  (C3  species),  are  cap- 
hybrids    and    several    second-generation     able  of  initial  C02  fixation  via  both  path- 


Olle  Bjorkman,  Malcolm  A.  Nobs, 
and  J.  A.  Berry 


508 


CARNEGIE     INSTITUTION 


ways  ( Year  Book  69,  p.  624) .  Neverthe- 
less, these  hybrids  are  less  efficient  in 
fixing  C02  of  low  concentrations  than 
either  parent,  and  the  inhibitory  effect  of 
02  on  photosynthesis  is  quantitatively 
the  same  as  in  the  A.  patula  parent. 
Knowledge  of  the  component  step  or  steps 
which  do  not  function  properly  in  the  hy- 
brids could  shed  much  light  on  those  steps 
which  are  crucial  to  the  efficient  opera- 
tion of  the  C4  pathway.  The  attempts  to 
identify  these  steps  have  therefore  been 
continued  this  year. 

Several  enzymes  involved  in  the  C4 
pathway — PEP  carboxylase,  adenylate 
kinase,  pyrophosphatase,  and  pyruvate, 
Pi  dikinase — have  been  assayed.  All  were 
detected  in  the  Fi  hybrids.  Pulse-chase 
experiments  with  radioactive  C02  sug- 
gest that  the  C4  dicarboxylic  acids 
formed  in  the  initial  fixation  of  C02  may 
not  be  properly  metabolized  in  the  hy- 
brids, perhaps  as  a  result  of  an  incom- 
plete or  inappropriate  compartmentation 
of  the  component  biochemical  reactions. 
As  a  result,  the  fixation  of  C02  into  C4 
acids  may  not  be  coupled  to  the  forma- 
tion of  3-phosphoglycerate  as  it  is  in 
normal  C4  plants. 

Studies  of  carbon  isotope  ratios  of  leaf 
samples  of  the  two  parental  species,  their 
Fi  hybrid,  and  several  F2  hybrids  also 
indicate  that  this  may  be  the  case.  The 
carbon  isotope  data,  presented  in  Table 
12,  were  obtained  in  collaboration  with 
Dr.  John  Troughton,  Physics  and  Engi- 
neering Laboratory,  DSIRO,  Lower  Hutt, 
New  Zealand.  As  expected,  the  13C/12C 
ratios  in  Atriplex  rosea  (B  =  — 14.3%o) 
and  A.  patula  ssp.  hastata  (8  =  —  27.8%o) 
are  similar  to  those  previously  re- 
ported for  many  other  terrestrial  C4  and 
Cs  species,  respectively.  Most  of  the 
hybrids  had  values  similar  to  that  of  A. 
patula,  suggesting  that  the  net  C02  fixed 
by  the  hybrids  was  predominantly  by  a 
mechanism  similar  to  that  used  by  A. 
patula.  It  is  clear  from  previous  short- 
term  labeling  experiments  that  up  to 
40%  of  the  total  C02  fixation  from  the 
external  atmosphere  by  the  hybrids  is 


TABLE  12.  Carbon  Isotope  Ratios  of  Leaves  of 

Atriplex  rosea,  A.  patula  ssp.  hastata,  and 

Their  Hybrid  Derivatives* 


Plant 


3(13C),%0 


*  Data  were  obtained  in  collaboration  with 
Dr.  John  Troughton,  Physics  and  Engineering 
Laboratory,  DSIRO,  Lower  Hutt,  New  Zealand. 


fixed  into  C4  acids,  but  the  13C/12C  ratios 
of  the  hybrids  suggest  that  a  considerably 
smaller  fraction  of  the  C02  fixation  into 
C4  acids  contributes  directly  to  the  net 
carbon  gain.  The  variation  in  13C/12C 
ratio  among  the  individual  F2  hybrids 
indicates  that  the  contribution  to  the  net 
carbon  gain  by  the  C4  pathway  may  also 
vary  among  them. 

Selection  for  individuals  with  efficient 
C4  photosynthesis  from  segregating  hy- 
brid populations  in  the  second  and  sub- 
sequent generations  probably  provides 
the  most  promising  method  for  obtaining 
information  on  the  steps  essential  in  effi- 
cient C4  photosynthesis.  Our  previous  re- 
sults with  F2  hybrids  indicated  that 
the  proper  recombination  of  all  of  these 
steps  would  probably  be  an  infrequent 
occurrence.  Consequently,  it  would  be 
necessary  both  that  a  great  number  of 
hybrids  be  produced  and  that  a  rapid 
method  of  screening  for  individuals  with 
efficient  C4  photosynthesis  be  available. 
Since  the  seed-set  in  the  Fi  hybrids  is 
very  low,  it  would  be  difficult  to  obtain 
a  sufficient  number  of  F2  individuals  for 
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such  studies.  The  hybridization  experi- 
ments were  therefore  extended  to  F3. 

F3  hybrids,  A.  rosea  X  A.  patula  ssp. 
hastata,  Table  13  shows  the  percentage 
of  flowers  yielding  viable  seed  after  18 
different  F2  hybrids  had  been  self-polli- 
nated. Great  variation  in  seed-set  was 
present,  from  no  viable  seeds,  as  in  F2 
hybrid  7736-1,  to  86%  in  F2  hybrid 
7744-4.  The  seed-set  obtained  with  the 
F2  hybrids  is,  in  general,  very  much 
greater  than  that  in  the  Fi  hybrids 
(<1%)  and  in  several  of  the  F2  hybrids 
the  seed-set  approaches  that  obtained  in 
the  parental  species.  One  might  expect 
that  a  tetraploid  F2  hybrid,  such  as 
7735-5,  would  give  a  higher  seed-set  than 
an  essentially  triploid  hybrid  such  as 
7744-4.  However,  there  is  no  indication 
that  a  high  ploidy  level  results  in  a 
greater  percentage  of  viable  seeds  than  a 
low  ploidy  level. 

The  remarkably  high  seed-set  in  sev- 
eral of  the  F2  hybrids  suggested  that 
apomixis  might  be  present.  Fortunately 
for  the  present  purpose,  this  proved  not 
to  be  the  case.  As  shown  in  Table  14,  the 
chromosome  numbers  varied  greatly  in 


TABLE  13.    Percentage  of  Flowers  Yielding 

Viable  Seed  in  ¥•  Hybrids  between  A.  rosea 

and  A.  patula  ssp.  hastata 


TABLE  14.   Somatic  Chromosome  Numbers  in 

Meristematic  Cells  among  F3  Hybrids  in 

Relation  to  Those  of  Their  F2  Parents 


F2  Hybrid 


Chromosome 
Number  (2n) 


Seed-Set, 
%  full  seed 


7735-1 

7735-2 

7735-3 

7735-4 

7735-5 

7736-1 

7740-1 

7740-2 

7740-4 

7740-5 

7744-1 

7744-4 

7746-1 

7746-9 

7746-10 

7746-12 

7746-14 

7746-16 


34 
34 
37 
44 
36 
21 
30 
44 
46 
31 
34 
26 
29 
29 
28 
30 
22 
28 


1 

28 

18 

11 

10 

0 

0 

0 

78 
75 
12 
86 
15 
40 
0 
30 
85 
20 


Chromosome 

Number 

Chromosome  Number 

of  F2  Parent 

of  F3  Progeny 

22 

21,22,24.28,32,32 

26 

26,  26.  28,  34, 38 

34 

28,30,32,32 

37 

32,  34,  34,  36, 36, 36 

44 

40,  44,  44, 46, 48, 52 

the  F8  progeny  that  were  obtained  from 
the  F2  hybrids,  including  those  from  F2 
hybrids  7744-4  and  7746-14,  both  individ- 
uals with  very  high  seed-set.  Morpho- 
logical and  leaf  anatomical  characteris- 
tics likewise  show  remarkable  variation 
among  all  of  the  F3  hybrids,  with  many 
widely  transgressing  the  characteristics 
of  A.  rosea  and  A.  patula.  Figure  33 
exemplifies  the  variation  in  leaf  shape  ob- 
tained in  the  F3  progeny  from  F2  hybrid 
7744-4. 

Selection  for  hybrids  with  efficient  C \ 
photosynthesis.  The  determination  of 
C02  compensation  points  is  a  method  that 
permits  a  reasonably  rapid  preliminary 
screening  for  plants  with  C4  characteris- 
tics. Species  with  the  C4  pathway  have  a 
C02  compensation  point  close  to  zero, 
whereas  C8  species  have  a  C02  compensa- 
tion point  of  about  45  ppm.  We  have 
thus  far  determined  the  C02  compensa- 
tion points  for  200  individual  F8  hybrids. 
The  compensation  point  was  similar  to  or 
higher  than  that  of  A.  patula  in  178  of 
these  hybrids,  lower  than  that  of  A. 
patula  but  higher  than  that  of  A.  rosea 
in  19  hybrids,  and  approached  that  of 
A.  rosea  in  3  hybrids. 

These  preliminary  results  indicate  that 
at  least  one  gas  exchange  characteristic 
normally  associated  with  efficient  C4 
photosynthesis  can  be  obtained  in  the  F3 
hybrids  through  recombination  of  differ- 
ent component  steps  of  the  C4  pathway 
of  photosynthesis.  However,  results  ob- 
tained last  year  suggested  that  a  lower 
C02  compensation  point  is  not  neces- 
sarily associated  with  highphotosynthetic 
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Fig.  33.  Variation  in  leaf  shape  in  a  random 
sample  of  an  F3  population  of  Atriplex  rosea  X 
A.  patula  ssp.  hastata,  in  comparison  with  their 
F2  parent. 

efficiency  in  utilizing  low  C02  concentra- 
tion  and  the  absence   of   an   inhibitory 


effect  of  oxygen  on  photosynthesis.  Fur- 
ther evidence  that  this  is  so  has  been  ob- 
tained this  year.  It  would,  therefore,  be 
desirable  to  use  a  screening  technique 
that  is  not  based  on  low  C02  compensa- 
tion points  alone,  but  which  also  takes 
into  account  the  rate  of  C02  uptake  at 
low  C02  concentrations  above  the  com- 
pensation point.  From  the  C02  depend- 
ence curves  of  photosynthesis  for  A.  rosea, 
A.  patula  ssp.  hastata,  and  their  Fi  hy- 
brids, it  may  be  predicted  that  at  about 
60  ppm  C02,  21%  02,  and  27°C,  the 
growth  rate  would  be  considerable  in  A. 
rosea,  slow  in  A.  patula,  and  still  slower 
in  the  Fi  hybrid.  Since  these  predictions 
are  based  on  data  obtained  with  plants 
grown  in  normal  air  (320  ppm  C02) ,  they 
would  only  be  valid  if  the  C02  depend- 
ence of  photosynthesis  for  the  different 
plants  is  not  significantly  altered  when 
the  plants  are  grown  under  low  C02 
concentration. 

Results  from  actual  comparative 
growth  experiments,  carried  out  in  a 
growth  cabinet  that  allows  a  precise  con- 
trol of  C02  concentration,  temperature, 
and  light,  are  shown  in  Table  15.  It  is 
clear  that  the  actual  rates  of  dry  matter 
production  reflect  the  differences  in  photo- 
synthetic  efficiency  of  utilization  of  low 
C02  concentrations  among  the  two  species 
and  their  Fi  hybrid.  "Net  assimilation 
rates"  calculated  from  the  growth  data 
show  that  the  rate  of  dry  matter  produc- 
tion in  A.  rosea  was  about  four  times 


TABLE  15.   Dry  Matter  Production  of  Atriplex  rosea,  A.  patula,  and  their  Fi  Hybrid, 
Grown  under  an  Atmosphere  Containing  60  ±  1  ppm  C02 


Plant 


Dry  Weight,  mg 


At  Harvest 


At  Start  of 
Experiment 


Relative  Growth 
Rate,  day-1 


Net  Assimila- 
tion Rate,  mg 
dry  weight 
dm"2  day"1 


Estimated 

Average  Net 

Rate  of  C02 

Uptake,  mg  C02 

dm"2  hr"1 


Atriplex  rosea 

4032 

249 

0.19 

180 

11.0 

Atriplex  patula 

ssp.  hastata 

1377 

597 

0.07 

47 

2.9 

Fi  hybrid 

395 

220 

0.03 

18 

1.1 

Light  was  continuous,  with  an  intensity  of  approximately  1.2  X  10r>  erg  cm"2  sec"1;  temperature 
was  held  constant  at  27°C;  and  oxygen  concentration  was  21%.  Values  represent  the  means  of  4 
replicates  of  each  species  and  the  hybrids. 
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higher  than  in  A.  patula  and  ten  times 
higher  than  in  the  Fi  hybrid.  Thus  it  is 
very  unlikely  that  growing  the  plants 
under  a  low  C02  concentration  caused 
any  marked  changes  in  their  intrinsic 
photosynthetic  efficiency  in  utilizing  low 
C02  concentrations.  Comparisons  of  the 
rates  of  growth  under  a  low  C02  concen- 
tration of  individual  hybrids  from  segre- 
gating populations  with  the  growth  rates 
of  A.  rosea  and  A.  patula  should,  there- 
fore, provide  a  dependable  method  for 
selection  of  hybrids  with  characteristics 
similar  to  or  approaching  those  of  species 
with  efficient  C4  photosynthesis.  With 
our  present  growth  facilities  it  should  be 
possible  to  screen  about  fifty  hybrids  per 
month. 

Hybridization  involving  other  Atriplex 
species.  According  to  Hall  and  Clements 
(1923),  Atriplex  glabriuscula  Edmonst. 
and  A.  sabulosa  Rouy  (A  maritima  Hal- 
lier)  have  morphological  and  embryonic 
characters  suggesting  that  these  species 
are  taxonomically  closely  related  to  each 
other  and  to  A.  patula  ssp.  hastata,  as 
well  as  to  A.  rosea,  and  that  they  may 
be  more  closely  related  to  each  other 
than  A.  patula  ssp.  hastata  is  to  A.  rosea. 
This  suggests  that  crosses  involving  A. 
sabulosa  and  A.  glabriuscula  might  yield 
hybrids  between  C3  and  C4  species  with 
more  regular  reduction  divisions  than  we 
have  obtained  in  the  Fi  hybrid  A.  rosea 
X  A.  patula  ssp.  hastata,  resulting  in  a 
greater  exchange  between  the  two 
genomes. 

Both  A.  sabulosa  and  A.  glabriuscula 
are  native  to  sandy  or  gravelly  shores  at 
about  the  high  tide  mark  mainly  around 
the  coasts  of  northwestern  Europe.  It  is 
of  particular  interest  that  in  spite  of  this 
distribution,  A.  sabulosa  was  found  to 
possess  the  C4  pathway  of  photosynthesis. 
Experiments  with  A.  sabulosa  plants  ob- 
tained from  seeds  collected  in  northern 
France  and  on  the  Swedish  North  Sea 
coast  show  that  when  the  plants  were 
grown  in  our  growth  cabinets  the  activi- 
ties of  enzymes  involved  in  C02  fixation 
of  C4  photosynthesis,  leaf  anatomy,  and 


ultrastructure,  as  well  as  photosynthetic 
gas  exchange  characteristics,  were  very 
similar  to  those  of  A.  rosea.  Atriplex 
glabriuscula  has  all  the  characteristics  of 
a  C3  species.  A.  sabulosa  like  A.  rosea 
has  pistillate  axial  inflorescences,  which 
makes  this  species  suitable  for  controlled 
pollination  experiments. 

The  following  crosses  have  been  at- 
tempted : 

A.  rosea  (C4)  X  A.  glabriuscula 

(C3); 
A.  rosea  (C4)  X  A.  sabulosa  (C4), 

and  the  reciprocal 

cross ; 
A.  sabulosa  (C4)  X  A.  patula  ssp. 

hastata  (C3) ; 
A.  sabulosa  (C4)  X  A.  glabriuscula 

(C3) ; 
A.  sabulosa  (C4)  X  A.  patula  ssp. 

spicata  (C3). 

Of  these  crosses,  A.  rosea  X  A.  glabriu- 
scula has  yielded  Fi  hybrids.  Like  both 
of  their  parents,  these  hybrids  are  diploid 
with  2n  =  18  chromosomes,  and  they 
are  clearly  intermediate  between  the  par- 
ents in  morphological  and  anatomical 
characteristics.  Chromosomal  pairing  in 
the  Fi  hybrids  is  more  frequent  than  in 
the  Fi  hybrid  A.  rosea  X  A.  patula  ssp. 
hastata.  Generally,  six  pairs  of  chromo- 
somes are  formed  in  the  reduction  divi- 
sions of  pollen  mother  cells,  but  up  to 
eight  of  the  theoretically  possible  nine 
pairs  have  been  observed. 

The  other  attempted  crosses  are  cur- 
rently in  various  stages  of  development. 

Effect  of  Growth  Temperature  on  the 
Temperature  Dependence  of  Photo- 
synthesis in  vivo  and  on  C02  Fixa- 
tion by  Carboxydismutase  in  vitro 
in  C3  and  C4  Species 

Olle  Bjorkman  and  Robert  W.  Pearcy 

Previous  comparative  studies  have 
shown  that  the  temperature  dependence 
of  light-saturated  photosynthetic  C02 
uptake  in  air  of  normal  C02  and  02  con- 
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tent  differed  markedly  between  C3  and  C4 
species  of  Atriplex  ( Year  Book  68,  p.  620 ; 
Year  Book  69,  p.  640;  Bjorkman,  1971). 
The  rise  in  photosynthesis  with  increas- 
ing temperature  above  about  17° C  was 
much  steeper  in  the  C4  species,  A.  rosea, 
than  in  the  C3  species,  A.  patula  ssp. 
hastata.  Under  a  low  C02  concentration, 
however,  the  temperature  response  of 
photosynthesis  was  similar  in  the  two 
species.  These  and  other  results  indicated 
that  the  C4  pathway  endows  plants  with 
photosynthetic  characteristics  that  are 
advantageous  under  conditions  of  high 
irradiance,  high  temperature,  and  limited 
water  supply,  largely  because  this  path- 
way overcomes  the  inhibitory  effect  of 
oxygen  on  net  C02  uptake. 

The  comparative  studies  were  made  on 
plants  grown  under  a  single  temperature 
regime.  Although  there  is  strong  evidence 
that  the  C4  pathway  and  associated 
photosynthetic  gas  exchange  characteris- 
tics are  genetically  determined,  the  en- 
vironmental conditions  under  which  the 
plants  are  grown  might  nevertheless  influ- 
ence the  expression  of  these  characteris- 
tics. In  earlier  studies  with  C3  species  the 
temperature  regime  during  growth  was 
found  to  exert  an  appreciable  condition- 
ing effect  on  photosynthesis  (Mooney  and 
Harrison,  1970;  Year  Book  67,  p.  479; 
Year  Book  68,  p.  619) ,  but  no  such  studies 
on  C4  species  have  been  reported. 

In  the  present  studies,  we  have  investi- 
gated the  influence  of  the  temperature 
under  which  the  plants  are  grown  on  the 
subsequent  temperature  dependence  of 
photosynthesis  in  the  C4  species,  A.  rosea, 
and  the  C3  species,  A.  patula  ssp.  spicata. 
Arrhenius  activation  energies  for  photo- 
synthesis of  intact  leaves  and  for  car- 
boxydismutase-catalyzed  C02  fixation  in 
leaf  extracts  of  these  Atriplex  species 
were  also  determined.  In  addition,  the 
studies  were  extended  to  include  a  num- 
ber of  other  C3  and  C4  species,  grown 
under  a  wide  range  of  conditions,  in  order 
to  determine  whether  or  not  differences 
exist  in  intrinsic  properties  of  rate- 
limiting  enzymes  that  would  provide  an 


adaptive  advantage  in  diverse  thermal 
habitats. 

Atriplex  rosea  L.  (C4)  and  A.  patula 
ssp.  spicata  Hall  and  Clem.  (C3)  were 
collected  near  Los  Banos  in  the  Central 
Valley  of  California,  a  region  character- 
ized by  high  summer  temperatures  and 
drought.  Both  species  are  annual  and 
most  of  their  growth  takes  place  during 
the  warm  season.  Atriplex  rosea  is  abun- 
dant in  dry  fallow  fields  and  along  road- 
sides, whereas  A.  patula  ssp.  spicata  is 
restricted  to  moist  alkaline  sinks  and 
irrigated  places.  Both  species  were  grown 
in  controlled  growth  cabinets  under  three 
different  temperature  regimes,  15°  day/ 
10°C  night,  25°  day/20°C  night,  and  35° 
day/30°C  night,  while  other  conditions 
were  the  same.  Light  intensity  was  kept 
at  1.5  X  105  erg  cm-2  sec"1  (400-700  nm) 
for  16  hours  per  day.  The  C02  and  02 
concentrations  were  300-330  ppm  and 
21%,  respectively.  The  plants  were 
grown  in  perlite  with  ample  water  and 
nutrient  supply.  Growth  in  both  species 
was  more  rapid  at  25°/20°C  than  at  15°/ 
10°C  and  35°/30°C.  Other  growth  ex- 
periments indicate  that  the  optimum 
temperatures  for  growth  are  day  temper- 
atures of  25°  to  30  °C  and  night  tempera- 
tures 5°  to  10  °C  lower,  at  the  moderate 
light  intensity  used  with  both  species. 
With  A.  rosea,  15°/10°C  is  close  to  the 
lower  limit  at  which  growth  can  take 
place. 

Rates  of  C02  uptake  and  water  vapor 
release  were  measured  as  described  on  pp. 
520-521.  When  a  steady-state  rate  of 
light-saturated  C02  uptake  had  been 
reached  at  27°-30°C,  300  ppm  C02,  and 
21%  02,  the  gaseous  composition  of  the 
atmosphere  was  changed  as  desired,  and 
when  a  steady-state  rate  had  again  been 
reached,  leaf  temperature  was  decreased 
in  steps  and  steady-state  rates  of  C02 
and  water  vapor  exchange  were  deter- 
mined. Since  the  light  intensity  required 
to  saturate  photosynthesis  is  considerably 
lower  at  low  leaf  temperatures  than  at 
high,  photoinhibition  may  occur  if  the 
light  intensity  is  kept  constant.  To  avoid 
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this  problem,  at  each  temperature  light 
intensity  was  adjusted  so  that  it  was 
saturating  but  not  supersaturating. 

Figure  34  shows  the  temperature  de- 
pendence of  light-saturated  photosynthe- 
sis in  normal  air  for  the  two  Atriplex 
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Fig.  34.  Effect  of  temperature  during  growth 
on  the  temperature  dependence  of  light-satur- 
ated photosynthetic  C02  uptake  in  normal  air, 
for  Atriplex  rosea  and  A.  patula  ssp.  spicata. 
The  rate  of  C02  uptake  for  each  leaf  at  12.5 °C 
is  plotted  as  equal  to  unity.  The  C02  concen- 
trations external  to  the  leaves  in  both  species 
were  approximately  300  and  340  ppm  at  25°  and 
5°C,  respectively.  The  estimated  CO-  concen- 
trations in  the  intercellular  spaces  at  25  °C  were 
200  and  260  ppm  with  A.  rosea  and  A.  patula 
ssp.  spicata,  respectively. 


species  grown  under  the  different  temper- 
ature regimes.  To  facilitate  direct  com- 
parisons of  the  temperature  curves  the 
light-saturated  rate  for  each  leaf  at 
12.5 °C  is  plotted  as  equal  to  unity.  Ab- 
solute rates  on  the  basis  of  unit  leaf  area 
for  A.  rosea  from  Los  Banos,  grown  at 
25°/20°C,  are  very  similar  to  those  pre- 
viously obtained  for  A.  rosea  from  Palo 
Alto  (Year  Book  68,  p.  620;  Year  Book 
69,  p.  640).  The  temperature  dependence 
of  photosynthesis  for  A.  patula  ssp. 
spicata  from  Los  Banos  is  also  very 
similar  to  that  for  A.  patula  ssp.  hastata 
from  Pescadero,  but  the  absolute  rate  on 
the  basis  of  unit  leaf  area  is  considerably 
greater  in  ssp.  spicata  than  in  ssp.  hastata 
(19.5  and  11.5  /xmole  C02  dm-2  min-1  at 
25 °C)  ;  this  is  correlated  with  a  greater 
carboxydismutase  activity  (43  vs.  27 
/xmole  C02  dm-2  min"1  at  30 °C) ,  a  higher 
soluble  protein  level  (75  vs.  45  mg  dm-2), 
and  a  lower  leaf  resistance  to  gas  diffu- 
sion (0.5  vs.  0.8  sec  cm"1  for  water  vapor) . 

Growing  Atriplex  rosea  at  15°/10°C 
did  not  significantly  alter  its  photosyn- 
thetic characteristics.  Net  photosynthe- 
sis was  unaffected  when  the  02  concen- 
tration was  reduced  from  21%  to  1.5%, 
and  the  C02  compensation  point  was  low, 
even  under  21%  02.  As  shown  in  Fig.  34 
and  Table  16,  the  temperature  depend- 
ence and  the  absolute  rate  of  photosyn- 
thesis were  also  essentially  the  same  as  in 
the  plants  grown  at  25°/20°C.  Growing 
the  plants  at  35°/30°C  resulted  in  a  sub- 
stantially increased  rate  of  photosynthe- 
sis at  high  relative  to  low  temperatures, 
but  in  a  lower  absolute  rate  on  the  basis 
of  unit  leaf  area. 

In  Atriplex  patula  ssp.  spicata  a  de- 
crease in  the  temperatures  for  growth 
from  25°/20°C  to  15°/10°C  resulted  in  a 
decreased  rate  of  photosynthesis  at  high 
relative  to  low  temperature  with  no  ap- 
preciable change  in  absolute  rate.  Con- 
versely, an  increase  in  the  temperatures 
for  growth  from  25°/20°C  to  35°/30°C 
resulted  in  an  increased  rate  of  photo- 
synthesis at  high  relative  to  low  tempera- 
tures.   As  in  A.  rosea,  the  absolute  rate 
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TABLE  16.   Light-Saturated  Rate  of  Net  C02  Uptake  in  Air  for 

A  triplex  rosea  and  A.  patula  ssp.  spicata  Grown  under 

Different  Temperatures 


Rate  of  Net  C02  Uptake  * 

/imole  dm  2  min  1 

Growth  Temperature 

A. 

rosea                    A 

.  patula 

ssp.  spicata 

15°/10°C 
25°/20°C 
36°/30°C 

12.5° 

8.4 
7.1 
4.0 

25° 

20.3(19.1) 
17.3(17.6) 
15.0(14.8) 

12.5° 

15.6 

12.6 

6.7 

25° 

18.0(14.0) 
19.5(14.6) 
11. 7 (  8.6) 

*  The  C02  concentration  external  to  the  leaf  was  approximately  300 
ppm  with  both  species,  but  because  of  a  higher  stomatal  resistance  in 
A.  rosea  the  average  estimated  C02  concentrations  in  the  intercellular 
spaces  were  approximately  200  and  260  ppm  for  A.  rosea  and  A.  patula 
ssp.  spicata,  respectively.  Photosynthetic  rates  at  25 °C,  recalculated 
for  an  intercellular  space  CO2  concentration  of  200  ppm,  are  shown  in 
parentheses.   At  12.5 °C  photosynthetic  rates  were  C02  saturated. 


was,  however,  reduced.  These  results  are  of  approximately  50%  higher  rates  than 

in    general    agreement   with    those   pre-  A.  patula  ssp.  spicata.    It  is  estimated 

viously  obtained  with  Marchantia   and  that  in  the  latter  species  almost  one  half 

Mimulus   (Year  Book  67,  p.  479;   Year  of  the  total  soluble  protein  was  carboxy- 

Book  68,  p.  619).  dismutase.    Since  leaf  resistances  to  gas 

The  results  shown  in  Fig.  34  and  Table  diffusion  were  consistently  greater  in  A. 

16    also   indicate    that,    for    any    given  rosea,  the  water-use  efficiency,  i.e.,  the 

growth  temperature,  A.  patula  ssp.  spicata  amount  of  C02  fixed  through  photosyn- 

was    capable    of    higher    photosynthetic  thesis  per  amount  of  water  lost  through 

rates  in  normal  air  on  the  basis  of  unit  transpiration,     would    be    substantially 

leaf  area  than  A.  rosea,  at  temperatures  greater  in  this  species  than  in  A.  patula 

below   20°C.    At  25°C   the   rates   were  ssp.  spica ta,  at  temperatures  greater  than 

similar  in  the  two  species  and  above  this  25  °C. 

temperature    A.    rosea    had    the    higher  As  shown  in  Table  17,  the  photosyn- 

rates.   It  is  noteworthy  that,  if  the  rates  thetic  rate  at  25°  to  27 °C  in  A.  patula  ssp. 

at  25 °C  are  expressed  on  the  basis  of  spicata  was  about  40%  greater  in  1.5% 

protein  invested  in  the  leaves  rather  than  02  than  in  21%   02,  regardless  of  the 

on  a  leaf  area  basis,  A.  rosea  was  capable  temperature  regime  at  which  the  plants 


TABLE  17.  Effect  of  02  Concentration  on  Light-Saturated  Rate  of  Net  CO, 
Uptake  in  Atriplex  patula  ssp.  spicata 


Rate  of  Net  C02  Uptake  * 
Atmole  dm-2  min-1 
Growth  Temperature,  °C       1.5%  02  21%  02 


/Ratein21%02\ 
^Rate  in  1.5%  02/ 


15°/10°  23.7       17.1  0.72 

25°/20°  27.0       18.6  0.69 

36°/30°  17.4       12.5  0.72 

*Leaf  temperature  was  25°-27°C.  Estimated  C02  concentrations  in  the 
intercellular  spaces  were  approx.  200  and  260  ppm  under  1.5%  and  21%  02, 
respectively. 
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were  grown.  At  12.5  °C,  the  rates  were 
not  significantly  affected  by  a  reduction 
in  02  from  21%  to  1.5%.  In  A.  rosea  the 
photosynthetic  rates  of  plants  grown  at 
all  three  temperature  regimes  were  inde- 
pendent of  02  concentration  at  both  26  °C 
and  12.5°C. 

Figure  35A,  B,  and  C,  shows  Arrhen- 
ius  plots  of  the  temperature  dependence 


of  photosynthesis  in  the  two  Atriplex 
species  grown  under  the  different  temper- 
ature regimes.  Temperature  dependence 
of  photosynthesis  in  A. patula  ssp.  spicata 
was  determined  under  21%  02,  normal 
C02  (curve  1);  1.5%  02,  normal  C02 
(curve  2) ;  and  1.5%  02,  high  C02  (curve 
3) ,  and  in  A.  rosea  under  21%  02,  normal 
C02  (curve  4)  only.   In  no  instance  did 
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Fig.  35.  Arrhenius  plots  of  the  temperature  dependence  of  light-saturated  photosynthetic  C02 
uptake  (A-C)  and  of  carboxydismutase-catalyzed  C02  fixation  in  vitro  (D)  for  Atriplex  rosea  and 
A.  patula  ssp.  spicata,  grown  under  three  different  temperature  regimes.  Curves  are  labeled  as  fol- 
lows. Photosynthesis  of  A.  patula  ssp.  spicata  measured  in  21%  02,  300-340  ppm  C02  (1);  1.5% 
02,  280-330  ppm  C02  (2) ;  1.5%  02,  650-720  ppm  C02  (3).  Photosynthesis  of  A.  rosea  measured  in 
21%  02,  280-330  ppm  C02  (4).  Carboxydismutase  activity  determined  at  a  constant  bicarbonate 
concentration  of  20  ml  for  several  different  species  (a)  and  for  the  two  Atriplex  species,  grown 
under  the  different  thermal  regimes  (b);  carboxydismutase  activity  determined  for  the  two  Atriplex 
species  at  bicarbonate  concentrations  providing  maximum  activity  at  each  temperature  (c).  All 
carboxydismutase  assays  were  carried  out  at  a  ribulose  diphosphate  concentration  of  1.00-1.25  X 
10-4  M  and  pB.  7.80. 
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the  experimental  values  deviate  signifi- 
cantly from  a  linear  relationship  between 
the  logarithm  of  photosynthetic  rate  and 
the  reciprocal  of  absolute  temperature  in 
the  lower  temperature  range.  The  activa- 
tion energy,  Ea,  was  independent  of  the 
O2  or  C02  concentrations  used,  although 
the  temperature  range  for  which  a  linear 
relationship  was  obtained  increased  when 
the  02  concentration  was  decreased.  Sim- 
ilarly, the  activation  energy  was  influ- 
enced little,  if  at  all,  by  the  temperature 
regime  under  which  the  plants  were 
grown,  but  the  temperature  range  for 
which  a  linear  relationship  was  obtained 
generally  increased  with  increased  growth 
temperature. 

The  activation  energies  obtained  for 
the  two  Atriplex  species  were  also  similar: 
the  mean  Ea  values  were  18.9  ±1.4  and 
17.4  ±  2.2  kcal  mole"1  degree"1  for  A. 
rosea  and  A.  patula  ssp.  spicata,  respec- 
tively. These  Ea  values  are  similar  to 
those  previously  reported  (Year  Book  67, 
p.  479;  Year  Book  68,  p.  619)  and  are 
also  similar  to  those  determined  to  date 
in  this  laboratory  for  a  great  diversity  of 
species  and  growing  conditions.  Table 
18  lists  the  Ea  values  for  liverworts  and 
C3  and  C4  species  of  monocotyledonous 
and  dicotyledonous  higher  plants,  native 
to  habitats  ranging  from  arctic  tundra  to 
extremely  hot  desert,  and  grown  under 
temperature  regimes  from  9°  to  40 °C. 
Yet  there  is  remarkably  little  variation  in 
the  Ea  values. 

Figure  35D  shows  Arrhenius  plots  for 
carboxydismutase-catalyzed  C02  fixation 
in  vitro.  Enzyme  extracts  were  prepared 
and  assays  carried  out  as  described  by 
Bjorkman  and  Gauhl  (1969).  "Curve"  a  is 
based  on  the  responses  obtained  with  car- 
boxydismutase  preparations  from  several 
sources  of  both  C3  and  C4  species,  under 
assay  conditions  where  the  bicarbonate 
concentration  was  held  constant  at20mM 
and  the  pH  at  7.80.  The  activation  energy 
was  21  kcal  below  18  °C  and  decreased  to 
approximately  14  kcal  above  20 °C.  Results 
obtained  under  the  same  assay  conditions 
with   carboxydismutase   preparations  of 


both  A.  rosea  and  A.  patula  ssp.  spicata, 
grown  at  the  three  temperature  regimes, 
are  depicted  by  "curve"  b.  No  differences 
in  the  temperature  dependence  of  this 
carboxylation  reaction,  either  between 
the  two  Atriplex  species  or  among  the 
different  growing  conditions,  were  de- 
tected. 

Similar  discontinuities  in  the  Arrhenius 
plot  have  been  previously  reported  by 
Lyons  and  Raison  (1970)  for  mitochon- 
drial enzymes  and  by  Phillips  and  Mc- 
William  (1971)  for  PEP  carboxylase  from 
corn.  These  authors  suggest  that  the 
shifts  in  Ea  were  due  to  phase  changes 
in  membrane  lipids  associated  with  the 
enzymes.  Such  a  mechanism  might  also 
explain  the  apparent  shift  in  Ea  observed 
here  with  carboxydismutase.  In  this  case, 
however,  it  appears  that  changes  with 
temperature  in  the  affinity  of  the  enzyme 
for  C02,  rather  than  changes  in  CO2- 
saturated  reaction  velocity,  may  be  re- 
sponsible for  the  apparent  shift  in  Ea. 
Experiments  with  enzyme  preparations 
from  both  Atriplex  species  showed  that 
while  the  bicarbonate  concentration  used 
in  the  previous  assays,  20  mM,  was  satur- 
ating at  22 °C,  it  was  less  than  saturating 
at  32 °C,  and  tended  to  become  inhibitory 
at  12 °C.  When  the  assays  were  carried 
out  at  bicarbonate  concentrations  that 
provided  maximum  activities  at  each 
temperature,  the  experimental  points 
fitted  a  straight  line  (Fig.  35D,  "curve" 
c),  with  Ea  =  16  kcal  mole"1  deg"1.  The 
dependence  on  temperature  of  the  affinity 
for  CO2  of  carboxydismutase,  as  well  as 
that  of  C02  fixation  in  vivo,  merits  fur- 
ther investigation,  since  such  information 
would  be  of  great  value  in  assessing  the 
importance  of  different  internal  leaf  fac- 
tors in  limiting  the  rate  of  photosynthesis 
under  different  temperature  regimes. 

Activation  energies  in  the  range  4°  to 
18°C  for  carboxydismutase-catalyzed 
carboxylation  in  vitro,  determined  with 
enzyme  preparations  of  different  C3  and 
C4  species  from  widely  diverse  habitats, 
grown  under  various  temperature  regimes, 
are  shown  in  Table  19.  The  Ea  values  are 
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similar  to  those  of  photosynthesis,  with  no 
marked  differences  among  species  or 
growing  conditions.  As  has  been  previ- 
ously pointed  out  ( Year  Book  68,  p.  619) , 
the  close  agreement  between  the  Rvalues 
for  C02  fixation  in  vivo  and  in  vitro  is 
consistent  with  the  view  that  the  carb- 
oxylation  reaction  catalyzed  by  carboxy- 
dismutase  may  be  an  important  rate- 
limiting  step  in  photosynthesis  under  na- 
tural conditions  in  both  C3  and  C4  species 
of  higher  plants. 

The  fact  that  photosynthesis  in  normal 
air  is  only  weakly  dependent  on  tem- 
perature above  15°  to  20  °C  in  many 
plant  species  has  often  been  interpreted 
to  indicate  that  at  normal  atmospheric 
C02  concentration  net  photosynthesis  is 
not  appreciably  limited  by  any  biochem- 
ical reaction  but  is  limited  almost  exclu- 
sively by  physical  resistance  to  C02  dif- 
fusion. There  is  little  doubt  that  resistance 
to  gas  diffusion  often  is  an  important 
limiting  factor,  particularly  in  habitats 
where  water  stress  necessitates  a  reduc- 
tion in  stomatal  aperture.  However,  the 
curve  for  photosynthesis  as  a  function  of 
leaf  temperature  in  normal  air  does  not 
provide  sufficient  kinetic  information  to 
permit  an  evaluation  of  the  extent  to 
which  different  component  steps  limit  the 
overall  rate  of  photosynthesis.  In  addi- 
tion to  diffusion  resistance  becoming  in- 
creasingly limiting  as  the  temperature  is 
increased,  there  are  several  other  factors 
that  may  be  responsible  for  the  deviation 
from  a  linear  relationship  in  an  Arrhenius 
plot.  These  include  the  inhibitory  effect 
of  02,  which  increases  with  increasing 
temperature.  As  shown  in  Fig.  35  A-C, 
the  temperature  dependence  of  net  C02 
uptake  at  higher  temperatures  is  con- 
siderably more  pronounced  when  the  in- 
hibitory effect  of  02  is  suppressed  (curves 
2  and  3)  than  in  normal  air  (curve  1). 
Another  factor  is  the  effect  of  tempera- 
ture on  the  solubility  of  C02  in  aqueous 
media,  which  may  result  in  a  decrease  in 
C02  concentration  inside  the  cells  as  the 
leaf  temperature  is  increased.    Also,  if 


the  affinity  of  carboxydismutase  for  C02 
decreases  with  increased  temperature  in 
vivo,  as  it  apparently  does  in  vitro,  this 
could,  of  course,  have  a  pronounced  influ- 
ence on  the  temperature  dependence  of 
photosynthesis  under  atmospheric  C02 
concentration. 

Conclusions.  It  is  clear  from  these 
studies  that  the  expression  of  photosyn- 
thetic  characteristics  normally  associated 
with  C4  photosynthesis  does  not  require 
that  the  plants  be  grown  under  a  thermal 
regime  similar  to  that  prevailing  in  the 
natural  habitat.  The  C4  species  A  triplex 
rosea  retained  its  basic  photosynthetic 
characteristics,  such  as  a  low  C02  com- 
pensation point  and  lack  of  an  inhibitory 
effect  of  21%  02  on  net  C02  uptake, 
even  when  grown  at  temperatures  close  to 
the  lower  limit  for  growth.  The  rather 
closely  related  C3  species,  A.  patula  ssp. 
spicata,  also  did  not  change  its  photo- 
synthetic  characteristics  toward  those  of 
A.  rosea  when  it  was  grown  at  high  tem- 
perature. The  inhibitory  effect  of  02  was 
quantitatively  the  same  in  plants  grown 
under  very  different  temperature  regimes. 
Modifications  in  the  temperature  depend- 
ence curve  of  net  C02  uptake,  brought 
about  by  growing  the  plants  at  high  tem- 
peratures, resulted  in  a  higher  rate  of 
photosynthesis  at  high  relative  to  low 
temperatures  but  led  to  a  decrease  in  the 
absolute  rate,  expressed  on  the  basis  of 
unit  leaf  area. 

The  activation  energy,  in  the  tempera- 
ture range  where  the  rates  of  photosyn- 
thesis as  well  as  of  carboxydismutase- 
catalyzed  C02  fixation  in  vitro  obey  the 
Arrhenius  equation,  was  not  appreciably 
influenced  by  the  temperature  regime 
under  which  the  plants  were  grown.  The 
two  Atriplex  species,  as  well  as  many 
other  C3  and  C4  species  from  sharply  con- 
trasting thermal  habitats,  exhibited  sim- 
ilar activation  energies,  suggesting  that 
the  same  component  step  of  photosynthe- 
sis, probably  the  carboxylation  reaction 
via  ribulose-diphosphate,  is  rate-limiting 
at  low  temperatures.  These  results  give  no 
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evidence  for  the  existence  of  differences 
among  higher  plants  in  intrinsic  proper- 
ties of  rate-limiting  enzymes  as  a  result 
of  either  environmentally  induced  or  ge- 
netically determined  adaptations  of 
photosynthesis  to  cold  habitats.  It  ap- 
pears more  likely  that  such  adaptations 
are,  rather,  attributable  to  quantitative 
changes  in  the  relative  capacities  of  dif- 
ferent component  steps  of  photosynthesis. 
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Interaction  between  the  Effects  of 

Oxygen  and  C02  Concentration  on 

Quantum  Yield  and  Light-Saturated 

Rate  of  Photosynthesis  in  Leaves 

of  A  triplex  patula  ssp.  spicata 

Olle  Bjorkman 

It  is  now  well  established  that  both  the 
light-limited  and  the  light-saturated  rates 
of  photosynthetic  C02  uptake  in  C3 
species  of  higher  plants  are  markedly  in- 
hibited by  21%  02  under  normal  atmos- 
pheric C02  concentrations.  Several  work- 
ers have  shown  that  the  inhibitory  effect 
of  02  on  light-saturated  photosynthesis 
decreases  when  the  ambient  C02  concen- 
tration is  increased  and  may  even  dis- 
appear entirely  at  sufficiently  high  C02 
concentrations  (Fock  et  al.,  1969;  Jolliffe 
and  Tregunna,  1968).    From  this  work 


it  is,  however,  not  clear  whether  the 
absence  of  an  02  inhibition  at  high  C02 
concentrations  and  saturating  light  in- 
tensities in  higher  plants  reflects  an  in- 
trinsic response  of  photosynthetic  carbon 
metabolism  or  whether  it  is  in  part  attrib- 
utable to  an  effect  on  stomata.  It  is  also 
not  known  whether  or  not  the  inhibitory 
effect  of  02  on  the  quantum  efficiency  at 
rate-limiting  light  intensities  can  also  be 
prevented  by  a  high  C02  concentration. 
Information  on  these  problems  is  impor- 
tant to  understanding  both  the  biochem- 
ical mechanism  (s)  of  the  inhibitory  effect 
of  02  and  the  interaction  of  factors  on 
photosynthesis  in  different  natural  en- 
vironments. 

Atriplex  patula  ssp.  spicata  was  chosen 
for  these  studies  primarily  because  sto- 
matal  diffusion  resistance  is  very  low  in 
this  species  and,  contrary  to  the  situation 
in  many  other  species,  this  resistance  in- 
creases only  slightly  when  C02  concen- 
tration is  increased.  Plants  were  grown 
in  a  controlled  environment  chamber 
under  a  light  intensity  of  1.2  X  105  erg 
cm"2  sec"1  (400-700  nm)  with  light  peri- 
ods of  16  hours  at  25  °C  alternating  with 
8-hour  dark  periods  at  20°C.  Rates  of 
C02  uptake  and  water  vapor  release  of 
single  leaves  attached  to  intact  plants 
were  continuously  and  simultaneously 
measured  at  different  C02  and  02  con- 
centrations. The  open  gas  flow  system 
used  in  these  measurements  was  similar 
to  that  previously  described  (Bjorkman 
and  Gauhl,  1970),  incorporating  a  differ- 
ential infrared  C02  analyzer  (a  modified 
Beckman  analyzer  similar  to  Model  315) , 
a  dew  point  hygrometer  (Cambridge 
Model  880),  and  an  02  analyzer  (West- 
inghouse  Model  209) .  The  reciprocal  sen- 
sitivity (change  in  C02,  ppm  per  mm 
recorder  chart  deflection)  was  a  linear 
function  of  absolute  C02  concentration  so 
that  the  reciprocal  sensitivities  were 
0.267,  0.386,  and  0.505  ppm  C02  mm"1 
at  300,  550,  and  800  ppm  C02,  respec- 
tively. Saturating  light-intensities  (400- 
710  nm)  were  provided  by  a  high  pressure 
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TABLE  20.   Light-Saturated  Rates  of  Photosynthetic  C02 

Uptake    at   Different   02   and   C02   Concentrations   in 

Leaves  of  A  triplex  patula  ssp.  spicata 

(/miole  dm-2  mm-1) 


I 

II 

III 

IV 

21%  02 

21%  02 

1.5%  02 

1.5%  02 

Normal  C02 

High  C02 

Normal  C02 

High  C02 

19.8 

28.0 

29.0 

26.9 

21.0 

29.5 

30.6 

29.5 

17.7 

27.2 

28.3 

31.7 

Mean  19.5 

28.2 

29.3 

29.5 

Xenon  arc.  An  interference  filter  (Balzer's 
K5)  was  used  to  isolate  a  wavelength  re- 
gion with  Amax  =  650  nm  (half -band- 
width =  35  nm)  for  quantum  yield  de- 
terminations. 

Effects  of  CO>  and  02  concentration  on 
the  light-saturated  rate  of  C02  uptake. 
Light-saturated  rates  of  net  photosynthe- 
sis at  different  oxygen  and  C02  concen- 
trations are  shown  in  Table  20.  The 
values  represent  the  steady-state  rates  of 
C02  uptake  determined  independently 
for  three  different  leaves  under  each  com- 
bination of  C02  and  02  concentrations. 
Because  of  slight  variations  in  net  rates 
of  C02  uptake  and  stomatal  diffusion  re- 
sistances, the  C02  concentrations  external 
to  the  leaves,  as  well  as  in  the  intercellu- 
lar spaces  inside  the  leaves,  differed  some- 
what among  the  individual  measurements 
within  each  combination.  The  mean  ex- 
ternal and  intercellular  space  C02  con- 
centrations for  the  different  combinations 
are  given  in  Table  21.  C02  concentra- 
tions in  the  intercellular  spaces  were  cal- 
culated as  described  last  year  {Year  Book 
69,  Fig.  11) .  The  results  show  that  under 


TABLE   21.    Mean   Ambient    (C«)   and   Inter- 
cellular Space  (Ct)  C02  Concentrations  for 
Experiments  Presented  in  Table  20 

Column     02  Concentration     Ca,  ppm     Ci,ppm 


I 

21% 

304 

252 

II 

21% 

630 

545 

III 

1.5% 

280 

201 

IV 

1.5% 

683 

594 

1.5%  02  there  was  no  significant  differ- 
ence between  the  rates  of  C02  uptake  at 
300  ppm  and  700  ppm  C02  external  to  the 
leaf.  This  apparent  C02  saturation  of 
photosynthesis  at  a  comparatively  low 
C02  concentration  was  not  attributable 
to  an  increased  stomatal  resistance  at  the 
higher  C02  concentration,  because  in  all 
cases  an  increased  external  C02  concen- 
tration resulted  in  a  substantial  increase 
in  C02  concentration  in  the  intercellular 
spaces  (Table  21).  The  rates  of  C02  up- 
take were  also  quite  similar  at  1.5%  and 
21%  02  when  the  C02  concentration  was 
kept  at  the  higher  level,  and  there  was  no 
significant  difference  in  stomatal  diffusion 
resistance  at  1.5%  and  21%  02.  The  rate 
in  air  of  normal  C02  and  02  concentra- 
tions was,  on  the  average,  approximately 
two  thirds  of  the  rates  obtained  under 
high  C02  concentration  or  low  02  con- 
centration. 

Table  22  shows  the  effect  on  the  rate 
of  C02  uptake  of  changing  the  02  con- 
centration from  21%  to  1.5%  at  normal 
atmospheric  and  at  high  C02  concentra- 
tion, as  well  as  that  of  changing  the  C02 
concentration  from  normal  to  high  at 
21%  and  at  1.5%  02.  In  these  experi- 
ments, the  light-saturated  rate  of  C02 
uptake  of  a  single  leaf  photosynthesizing 
at  steady  state  under  the  conditions  indi- 
cated in  the  denominator  was  measured. 
Then,  either  the  02  or  the  C02  concen- 
tration was  suddenly  changed  to  that 
indicated  in  the  numerator  and  the  sub- 
sequent steady-state  rate  measured.    In 
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TABLE  22.  Effects  of  Changing  Oxygen  and  C02  Concentration 

on  the  Steady-State  Rate  of  Light-Saturated  C02  Uptake 

in  Leaves  of  Atriplex  patula  ssp.  spicata 


Ratio 


From  Direct 
Determinations 


Calculated 
from  Table  20 


Rate  at  21%  Q2,  normal  CO 
Rate  at  1.5%  02,  normal  CO 

Rate  at  21%  02,  high  CO 


( 


Rate  at  1.5%  02,  high  CO 

Rate  at  21%  02,  normal  CO 
Rate  at  21%  02,  high  CO 

Rate  at  1.5%  02,  normal  CO 
Rate  at  1.5%  02,  high  CO 


) 

OA 
*   / 


0.69 


1.03 


0.65 


1.03 


0.67 


0.96 


0.66 


0.99 


no  instance  was  there  an  appreciable 
change  in  stomatal  resistance  upon 
changing  the  02  or  the  C02  concentra- 
tion. 

The  relative  effects  of  02  and  C02 
concentration  on  the  steady  rate  of  C02 
uptake  obtained  with  the  procedure  just 
described  are  in  excellent  agreement  with 
those  calculated  from  the  mean  photosyn- 
thetic  rates  presented  in  Table  20.  It  is 
evident  from  the  results  that  with  these 
Atriplex  leaves,  a  C02  concentration  of 
approximately  630  ppm  external  to  the 
leaves  (corresponding  to  approximately 
545  ppm  in  the  intercellular  spaces)  is 
sufficiently  high  to  prevent  any  inhibitory 
effect  of  21%  02  on  light-saturated  photo- 
synthesis. There  is  no  doubt  that  the 
absence  of  an  02  inhibition  at  this  C02 
concentration  is  caused  by  an  effect  of 
C02  on  photosynthetic  metabolism  and 
not  on  stomatal  resistance.  Resistance 
values  were  always  low  and  photosyn- 
thetic rates  high.  The  rates  obtained  under 
conditions  where  no  02  inhibition  was 
present  are  among  the  highest  reported 
(approximately  29  /xmole  CC^  dm"2  min1 
or  76  mg  C02  dm"2  hr"1).  The  relative 
inhibition  of  net  photosynthesis  by  21% 
02  under  normal  atmospheric  C02  con- 
centration was,  nevertheless,  similar  to 
previously  reported  values  for  many  C3 


species;  some  of  these  species  had  light- 
saturated  photosynthetic  rates  only  about 
one  tenth  of  those  obtained  here  for  A. 
patula  ssp.  spicata. 

Effects  of  C02  and  02  concentration  on 
the  quantum  yield  of  C02  uptake.  The 
dependence  of  the  rate  of  C02  uptake  on 
light  intensity  was  determined  as  follows : 
The  leaf  was  kept  under  21%  02,  320 
ppm  C02,  and  a  light  intensity  providing 
a  quantum  flux  of  35  incident  nanoein- 
steins  cm"2  sec"1  until  a  steady-state  rate 
of  C02  uptake  was  obtained.  The  light 
intensity  was  then  reduced  to  about  20 
nanoeinsteins  cm"2  sec"1  and  subsequently 
further  reduced  in  several  steps,  each  of 
about  5  nanoeinsteins  cm"2  sec"1,  and  the 
rate  of  C02  uptake  at  steady  state  for 
each  light  intensity  recorded.  The  light 
intensity  was  again  increased  to  35  nano- 
einsteins cm-2  sec"1,  and  when  a  constant 
rate  of  C02  uptake  which  did  not  differ 
significantly  from  the  previously  recorded 
rate  at  this  light  intensity  was  obtained, 
the  oxygen  or  C02  concentration,  or  both, 
were  changed,  and  the  steady-state  rates 
of  C02  uptake  were  determined  at  differ- 
ent light  intensities.  The  absorbance  of 
the  leaves  at  650  nm  was  determined 
with  an  apparatus  incorporating  an 
Ulbricht  integrating  sphere.  All  leaves 
used  in  these  experiments  absorbed  82% 
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Fig.  36.  Effects  of  02  and  C02  concentration  on  light-limited  photosynthetic  C02  uptake  in 
leaves  of  Atriplex  patula  ssp.  spicata.  Leaf  temperature,  26°C;  Xmax,  650  nm.  (See  also  Fig.  45, 
for  responses  predicted  by  Hall's  model.) 


to  83%  of  the  incident  light  at  650  i\m. 
Figure  36  shows  the  C02  uptake  rate  at 
different  02  and  CO2  concentrations 
plotted  against  the  quantum  flux  absorbed 
by  the  leaves.  Under  1.5%  02  the  rate  of 
C02  uptake  was  the  same  at  310  ppm  and 
770  ppm  C02  external  to  the  leaf,  and 
there  was  no  measurable  deviation  from 
a  linear  relationship  in  the  range  2  to  16 
absorbed  nanoeinsteins  cm-2  sec-1.  The 
quantum  yield  under  these  conditions  was 
0.080  mole  C02  einstein"1.  Under  21% 
02,  however,  the  rate  of  C02  uptake  was 
appreciably  higher  at  720  ppm  than  at 
320  ppm  C02,  and  a  slight  but  measur- 
able deviation  from  a  linear  dependence 
on  light  was  obtained  beyond  10  nano- 
einsteins cm"2  sec"1  at  the  lower  C02 
concentration.  The  quantum  yields  were 
0.065  and  0.059  mole  C02  einstein"1  at 


720  and  320  ppm,  respectively.  Both  the 
quantum  yield  value  and  the  nonlinear 
relationship  observed  between  C02  up- 
take and  light  in  air  of  normal  atmos- 
pheric 02  and  C02  concentration  are  in 
close  agreement  with  the  results  recently 
obtained  by  McCree  (1971)  for  a  num- 
ber of  C3  species  of  higher  plants. 

The  present  results  provide  strong  evi- 
dence that  normal  atmospheric  C02  con- 
centration is  sufficiently  high  for  maxi- 
mum quantum  yield  under  rate-limiting 
light  intensities  when  02  concentration  is 
low,  but  is  insufficient  for  maximum 
quantum  yield  under  21%  02.  Interest- 
ingly, while  700  ppm  C02  was  more  than 
sufficient  to  prevent  any  inhibition  of  net 
C02  uptake  by  21%  02  at  rate-saturating 
light  intensities,  it  was  not  sufficient  to 
completely  prevent  the  inhibition  of  the 
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quantum  yield  at  rate-limiting  light 
intensities. 

Effect  of  temperature  on  02  inhibition 
of  net  C02  uptake  at  rate-limiting  and 
rate -saturating  light  intensities.  The  in- 
hibitory effect  of  02  on  light-saturated 
net  C02  uptake  at  a  constant  C02  con- 
centration external  to  the  leaf  decreases 
with  decreasing  temperature  (Jolliffe  and 
Tregunna  1968;  Year  Book  67,  p.  479; 
Year  Book  68,  pp.  614,  620) .  While  it  is, 
of  course,  possible  that  this  may  in  part 
be  due  to  a  direct  effect  of  temperature 
on  metabolic  processes  underlying  the 
inhibitory  effect  of  02  on  net  C02  uptake, 
it  may  also  be  a  result  of  indirect  influ- 
ences, since  temperature  markedly  affects 
the  dependence  of  photosynthesis  on  C02 
concentration.  The  solubility  of  C02  in 
aqueous  media  increases  with  decreasing 
temperature;  hence  the  C02  concentra- 
tion in  the  liquid  phase  inside  the  cells 
may  increase  even  if  the  C02  concentra- 
tion in  the  gaseous  phase  in  the  intercell- 
ular spaces  remains  constant.  Also,  the 
C02  concentration  in  the  liquid  phase,  re- 
quired to  saturate  photosynthesis,  can  be 
expected  to  decrease  with  decreasing  tem- 
perature. 

In  view  of  the  finding  that  higher  C02 
concentrations  are  required  to  prevent  02 
inhibition  of  net  C02  uptake  at  rate- 
limiting  light  intensities  than  at  rate- 
saturating  light  intensities  in  Atriplex 
patula  ssp.  spicata  leaves,  it  was  of  inter- 
est to  determine  whether,  at  a  constant 
external  C02  concentration,  the  02  inhibi- 
tion is  relatively  less  affected  by  temper- 
ature in  rate-limiting  light  than  in  rate- 
saturating  light. 

The  effect  of  decreasing  the  02  con- 
centration from  21%  to  1.5%  on  net  C02 
uptake  was  therefore  determined  at  dif- 
ferent temperatures  and  light  intensities ; 
the  C02  concentration  external  to  the 
leaves  was  kept  in  the  range  of  300-330 
ppm  C02.  Results  are  shown  in  Table  23. 
The  highest  light  intensity,  40  X  104  erg 
cm"2  sec"1  (400-710  nm) ,  was  rate  satur- 
ating and  the  lowest  intensity,  5  X  104  erg 
cm  "2  sec"1,  was  essentially  rate  limiting 


TABLE  23.    Influence  of  Temperature  on  the 

Inhibitory  Effect  of  02  at  Different  Light 

Intensities  in  Leaves  of  Atriplex  patula 

ssp.  spicata 


/  Rate  at  21  %02, 300  ppm  CO 
\Rateatl.5%O2,300ppmCO2 


) 


Light  Intensity 
erg  cm-2  sec-1  X  103 


25°C       16.5°C       12.5°C 


400 

0.70 

0.80 

0.98 

130 

0.67 

0.69 

0.92 

50 

0.66 

0.69 

0.77 

at  all  three  temperatures.  The  intermedi- 
ate intensity,  13  X  105  erg  cm"2  sec"1, 
gave  varying  degrees  of  partial  light 
saturation.  The  inhibitory  effect  of  21% 
02  on  the  rate  of  C02  uptake  was  little 
affected  by  light  intensity  at  25 °C,  but  at 
12.5 °C  the  inhibition  increased  markedly 
with  decreasing  light  intensity.  At  16.5 °C 
the  response  was  intermediate.  The  re- 
sults of  these  experiments  thus  appear 
consistent  with  the  hypothesis  that  the 
effect  of  temperature  on  the  inhibitory 
effect  of  02  on  net  C02  uptake  is  at  least 
partly  attributable  to  its  indirect  influ- 
ence on  the  concentration  of  C02  inside 
the  cells. 

Conclusions.  Oxygen  competitively  in- 
hibits the  rate  of  net  C02  uptake  in 
leaves  of  Atriplex  patula  ssp.  spicata  both 
at  rate-limiting  and  rate-saturating  light 
intensities.  The  suppression  of  the  02 
inhibition  by  higher  than  normal  atmos- 
pheric C02  concentrations  evidently  is 
not  attributable  to  stomatal  effects,  but 
to  a  direct  influence  on  metabolism.  The 
finding  that  an  elevated  C02  concentra- 
tion suppresses  the  02  inhibition  of  the 
quantum  yield  at  low  light  intensities 
(i.e.,  under  conditions  where  the 
supply  of  reduced  pyridine  nucleotide 
and  ATP  presumably  limits  the  rate  of 
C02  fixation)  apparently  does  not  sup- 
port the  hypothesis  that  the  inhibition  is 
primarily  caused  by  back-reaction  of  a 
highly  reduced  photosynthetic  intermedi- 
ate with  oxygen,  but  rather  that  photo- 
synthetic  carbon  metabolism  is  affected 
by  oxygen. 
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Ogren  and  Bowes  (1971)  and  Berry 
(this  Year  Book,  p.  526)  have  provided 
evidence  that  02  inhibits  the  carboxyla- 
tion  reaction,  catalyzed  by  carboxydis- 
mutase,  apparently  because  02  competes 
with  CO2  for  the  binding  sites  on  the  en- 
zyme. Since  there  is  also  strong  evidence 
that  this  reaction  is  a  major  rate-limiting 
step  in  CO2  fixation  at  light  saturation  in 
C3  species,  such  a  competitive  inhibition, 
if  operative  in  vivo,  would  offer  an  at- 
tractive explanation  for  the  effect  of  02 
on  net  C02  uptake  in  saturating  light.  It 
seems  unlikely,  however,  that  the  quan- 
tum yield  at  rate-limiting  light  intensities 
would  be  markedly  influenced  by  a  de- 
crease in  the  capacity  of  the  carboxyla- 
tion  step. 

Oxidation  of  the  RuDP-carboxydismu- 
tase  complex  or  of  the  six-carbon  inter- 
mediate formed  in  the  carboxylation 
reaction  to  phosphoglycolate,  and  the 
subsequent  photorespiratory  metabolism 
of  glycolate  to  3-phosphoglycerate  and 
C02  (Tolbert  and  Yamazaki,  1970),  may 
be  expected  to  result  in  an  02  inhibition 
of  the  quantum  yield  of  net  C02  uptake, 
primarily  because  of  an  increased  re- 
quirement of  reduced  pyridine  nucleotide 
and  ATP,  but  also  because  C02  is 
evolved.  Hall's  model  of  leaf  photosyn- 
thesis and  respiration  (this  Year  Book, 
p.  530),  which  incorporates  these  reac- 
tions, predicts  in  vivo  light-limited  C02 
uptake  responses  to  C02  and  02  concen- 
tration that  are  in  close  agreement  with 
the  experimental  results  shown  in  Fig.  36. 
However,  experiments  in  vitro  have  thus 
far  failed  to  support  the  assumption  that 
RuDP  is  oxidized  (this  Year  Book,  p. 
528) .  Further  experiments  in  vitro  on  the 
possibility  that  RuDP  is  the  source  of 
glycolate  are  being  conducted  by  Bowes 
and  Berry. 

It  has  been  proposed  that  the  absence 
of  an  inhibitory  effect  of  02  on  net  C02 
uptake  in  C4  species  is  primarily  due  to  a 
complete  recycling  of  C02  produced  in 
photorespiration  because  of  the  high 
affinity    for    C02    of   PEP    carboxylase, 


which  catalyzes  C02  fixation  in  the  meso- 
phyll  cells  of  C4  plants  (Everson  and 
Slack,  1968).  While  such  a  mechanism 
could  explain  the  absence  of  02  inhibition 
at  rate-saturating  light  intensities,  it 
seems  unlikely  that  it  can  account  for  the 
absence  of  02  inhibition  at  rate-limiting 
light  intensities,  since  recycling  would 
require  reduced  pyridine  nucleotide  and 
ATP.  An  alternative  explanation  is  that 
the  C4  pathway  serves  as  a  C02  concen- 
trating mechanism  for  C02  fixation  by 
carboxydismutase  (Goldsworthy,  1970; 
Year  Book  69,  p.  653),  thus  preventing 
02  inhibition  of  C02  fixation  as  well  as 
preventing  glycolate  formation.  Implicit 
in  the  latter  hypothesis  is  the  assumption 
that  02  inhibition  of  net  C02  uptake  in 
the  absence  of  the  C4  pathway  can  be 
suppressed  by  high  C02  concentrations 
even  at  rate-limiting  light  intensities.  The 
present  results  provide  evidence  that  this 
is  indeed  the  case. 

The  results  presented  in  Fig.  36  show 
that  with  leaves  of  Atriplex  patula  ssp. 
spicata,  normal  atmospheric  C02  concen- 
tration is  sufficient  for  maximum  quan- 
tum yield  when  the  02  concentration  is 
low,  but  not  at  21%  02.  Although  the 
CO2  dependence  of  the  quantum  yield  at 
a  low  02  concentration  has  not  been  de- 
termined for  other  C3  species,  it  seems 
likely  that  the  present  results  are  gen- 
erally valid.  The  02  inhibition  of  the 
quantum  yield  at  normal  atmospheric 
C02  concentration  as  well  as  the  absolute 
values  are  similar  to  those  obtained  in 
this  laboratory  for  many  C3  species  of 
higher  plants. 

The  appreciable  C02  limitation  of  net 
photosynthesis  and  dry  matter  produc- 
tion in  normal  air  is  evidently  attribut- 
able to  the  presence  of  both  a  high 
02  content  and  a  low  C02  content. 
The  present  results  indicate  that  the 
high  02  content  may  be  considered 
the  primary  factor  at  low  light  intensities. 
At  high  light  intensities  net  photosynthe- 
sis in  many  C3  species,  although  mark- 
edly   inhibited    by    02,   would    be   C02 
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limited  at  atmospheric  C02  concentration 
even  if  02  concentration  were  low.  In 
view  of  these  results,  Lundegardh's  (1957) 
contention,  that  the  comparatively  high 
C02  concentration  often  found  in  densely 
shaded  habitats  in  part  compensates  for 
the  low  light  prevailing  there,  may  indeed 
be  correct.  The  results  may  also  provide 
a  rational  explanation  for  the  observation 
that  COo  enrichment  of  the  atmosphere,  a 
widely  applied  method  for  increasing  the 
yield  of  greenhouse  crops,  in  several  cases 
led  to  increased  productivity,  not  only 
under  conditions  of  moderately  bright 
light,  but  also  during  periods  when  light 
intensity  was  quite  low. 
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The  Effect  of  Oxygen  on  C02  Fixation 

by  Carboxydismutase  in  vitro  and  an 

Examination  of  a  Possible  Reaction 

of  Ribulose  Diphosphate  with 

Oxygen 

J.  A.  Berry 

Higher  plants  which  use  the  C3  path- 
way for  photosynthetic  C02  fixation  ex- 
hibit an  oxygen  inhibition  of  photosyn- 
thesis both  at  light-limiting  and  at 
light-saturating  conditions.  The  gas  ex- 
change kinetics  of  these  inhibitory  effects 
have  been  extensively  investigated  (see 
p.  520,  this  Year  Book).  These  studies 
show  that  there  is,  in  effect,  a  competitive 


interaction  of  02  with  the  process  of  C02 
fixation,  and,  in  addition,  that  high  02 
concentration  results  in  the  stimulation 
of  a  C02-producing  process  (photorespir- 
ation)  which  also  inhibits  the  rate  of  net 
C02  uptake.  The  latter  process  is  also 
apparently  suppressed  at  elevated  C02 
concentration,  suggesting  that  the  two 
effects  of  oxygen  may  be  manifestations 
of  the  same  or  related  molecular  mecha- 
nisms. This  year  experiments  were  under- 
taken to  examine  the  postulate  that 
ribulose  diphosphate  (RuDP) ,  the  ac- 
ceptor in  photosynthetic  C02  fixation, 
may  undergo  an  inevitable  oxidation  to 
form  glycolate  during  photosynthesis 
in  the  presence  of  oxygen.  Glycolate  pro- 
duction would  stimulate  photorespiratory 
C02  release,  and  the  drain  of  RuDP  could 
lower  the  rate  of  the  carboxylation  reac- 
tion (see  p.  533,  this  Year  Book).  The 
observation  that  saturating  C02  concen- 
trations appear  to  suppress  both  photo- 
respiration  and  any  direct  effect  of  02  on 
photosynthesis  suggests  further  that  the 
carboxylating  enzyme,  carboxydismutase, 
may  play  a  catalytic  role  in  the  proposed 
oxidation  of  RuDP. 

Bassham  and  Kirk  (1967)  and  Whit- 
tingham  et  at.  (1967)  have  proposed  that 
glycolate  is  formed  through  oxidation  of 
RuDP.  RuDP  is  reported  to  be  oxidized 
to  form  phosphoglycolate,  and  might  be 
expected  to  be  especially  susceptible  to 
oxidation  in  the  activated  form  bound  to 
carboxydismutase.  At  low  C02  concen- 
tration the  amount  of  RuDP-enzyme 
complex  would  be  high  and  the  oxidation 
would  be  favored.  At  high  C02  concen- 
tration the  complex  would  rapidly  react 
with  C02,  keeping  the  concentration  of 
complex  low.  Hall  (see  p.  530,  this  Year 
Book)  reports  calculations  of  net  photo- 
synthesis as  a  function  of  light  intensity, 
C02  concentration,  and  02  concentration 
by  a  mathematical  model  which  includes 
this  hypothesis.  His  calculations  describe 
approximately  the  effect  of  21%  02  on 
photosynthesis  in  vivo  at  rate-limiting 
C02  concentrations  and  at  low  light  in- 
tensities.  This  is  an  encouraging  confir- 
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mation  that  the  hypothesis  may  describe 
the  process  which  forms  glycolate  in  vivo. 

Recently,  Ogren  and  Bowes  (1971)  re- 
ported that  02  interacts  with  carboxydis- 
mutase  in  vitro,  resulting  in  a  competitive 
inhibition  of  the  C02  fixation  reaction.  In 
addition  to  providing  a  possible  mecha- 
nism for  a  direct  effect  of  02  upon  C02 
fixation  in  vivo,  this  observation  suggests 
that  carboxydismutase  might  further 
catalyze  the  oxidation  of  RuDP  by  bind- 
ing 02  to  the  active  site  of  the  enzyme. 
Studies  were  extended  to  provide  an 
independent  examination  of  the  observa- 
tions of  Ogren  and  Bowes,  and  to  deter- 
mine if  oxidation  of  RuDP  to  form  glyco- 
late is  the  cause  of  the  inhibition. 

Carboxydismutase  was  purified  from 
leaves  of  Atriplex  patula  ssp.  spicata  by 
the  method  of  Paulsen  and  Lane  (1966), 
except  that  the  final  hydroxylapatite 
chromatography  was  replaced  by  treat- 
ment on  a  column  of  Sephadex  G-200. 
Carboxydismutase  of  Atriplex  rosea  was 
partially  purified  by  ammonium  sulfate 
fractionation  and  chromatography  on 
Sephadex  G-200  by  the  method  of  Kawa- 
shima  and  Wildman  (1971).  These  en- 
zymes were  stored  as  ammonium  sulfate 
precipitates  at  2°C.  When  needed,  the 
precipitates  were  recovered  by  centrif- 
ugation  and  dissolved  in  a  buffer  con- 
taining 0.1  M  tris-HCl,  pR  7.8;  0.01  M 
MgCl2;  5  ml  Clelands  reagent  (DTT)  ; 
and  0.25  ml  EDTA,  and  treated  on  a 
small  column  of  Sephadex  G-50  to  remove 
ammonium  sulfate  before  use.  The  spe- 
cific activity  of  the  preparations  was  0.30 
and  0.26  /mioles  C02  min"1  mg-1  protein 
for  the  A.  patula  and  A.  rosea  prepara- 
tions, respectively.  Assays  for  carboxydis- 
mutase activity  were  conducted  according 
to  the  method  of  Bjorkman  and  Gauhl 
(1969)  at  30° C.  Oxygen  partial  pressure 
in  the  reaction  mixtures  was  controlled 
by  bubbling  the  assay  buffer  (less 
NaHC03  and  enzyme)  for  several  min- 
utes with  the  appropriate  gas.  Aliquots 
of  this  buffer  were  then  injected  beneath 
a  layer  of  mineral  oil  into  the  assay  tubes. 
The  layer  of  oil  protected  the  buffers  from 


02  and  C02  exchange  and  allowed  injec- 
tion of  reagents  and  enzyme.  Alterna- 
tively, in  some  experiments  incubations 
were  conducted  in  vials  capped  with 
serum  stoppers.  Ribulose-l,5-diphosphate 
was  determined  by  quantitative  en- 
zymatic conversion  to  3-phosphoglycerate 
(3-PGA)  in  the  presence  of  NaH14C03 
(0.5  fiCi/fimole) .  Assay  mixtures  and 
counting  procedures  were  essentially  the 
same  as  those  used  in  the  assay  of  car- 
boxydismutase. Carbon  dioxide-free  tris 
buffer  was  prepared  by  adjusting  the  pH 
to  5.0  with  HC1  and  bubbling  with  C02- 
free  air.  Buffer  of  pH  7.8  was  prepared, 
when  needed,  by  adding  a  predetermined 
quantity  (0.015  ml/10  ml)  of  50% 
NaOH.  Fresh  buffer  prepared  in  this 
manner  was  essentially  free  of  bicarbon- 
ate. 

Figure  37  shows  the  effect  of  N2  and 
100%  02  on  the  rate  of  C02  fixation  by 
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Fig.  37.  The  effect  of  saturating  the  assay 
buffer  with  N2  or  02  upon  the  rate  of  14C02 
fixation  by  carboxydismutase  purified  from 
Atriplex  patula.  Assays  were  performed  at  30 °C 
according  to  the  method  of  Bjorkman  and 
Gauhl  (1969),  except  that  the  bicarbonate  con- 
centration was  varied.  Specific  activity  of  the 
enzyme  was  approximately  0.3  /tmole  C02  fixed 
mg"1  protein  min-1  at  saturating  bicarbonate 
concentration. 
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Fig.  38.   A  Lineweaver-Burk  plot  of  the  data 
shown  in  Fig.  37. 


the  carboxydismutase  of  Atriplex  patula. 
The  rate  at  low  bicarbonate  concentra- 
tion is  significantly  lower  in  the  presence 
of  02  than  it  is  in  the  presence  of  N2. 
Figure  38  is  a  Lineweaver-Burk  plot  of 
the  same  data.  The  kinetics  do  not  follow 
a  normal  Michaelis-Menten  response  to 
bicarbonate  concentration.  However,  the 
behavior  does  suggest  that  02  competes 
with  CO2  for  binding  to  carboxydismu- 
tase. This  provides  independent  confir- 
mation of  the  results  of  Ogren  and  Bowes 
(1971).  Similar  experiments  with  car- 
boxydismutase from  Atriplex  rosea,  a  C4 
plant,  indicate  that  02  is  also  a  competi- 
tive inhibitor  of  C02  fixation  by  this 
enzyme. 

As  previously  mentioned,  the  binding  of 
02  to  the  enzyme  might  result  in  catalysis 
of  RuDP  oxidation.  These  experiments 
could  not  distinguish  an  alternate  reac- 
tion of  RuDP  with  02  from  a  simple 
interference  of  02  with  the  C02  fixation 
reaction. 

To  assay  for  the  occurrence  of  a  reac- 
tion of  02  with  RuDP,  the  effect  of  02  on 
the  stability  of  RuDP  in  the  presence  of 
carboxydismutase  but  in  the  absence  of 
C02  was  investigated.  The  absence  of 
C02  prevents  the  carboxylation  reaction. 
If  02  reacts  with  RuDP  resulting  in  its 
oxidation,  this  should  be  indicated  by  an 


oxygen-stimulated  disappearance  of 
RuDP  under  these  conditions.  RuDP 
was  incubated  at  30 °C  in  sealed  vials 
containing  N2  or  02,  assay  buffer,  and 
purified  carboxydismutase.  The  com- 
position of  the  reaction  mixture  was  the 
same  as  that  used  in  the  assay  of  car- 
boxydismutase. During  the  course  of  the 
incubations,  aliquots  of  0.05  ml  were 
withdrawn  from  the  vials  and  the  remain- 
ing RuDP  determined  enzymatically. 
Table  24  shows  the  time  course  of  such 
an  experiment.  Nearly  all  of  the  RuDP 
present  at  the  beginning  of  the  incubation 
was  still  present  after  45  minutes'  incuba- 
tion with  carboxydismutase  in  the  pres- 
ence of  02  or  N2.  Sufficient  carboxydis- 
mutase was  added  to  catalyze  the  fixation 
of  0.04  juinoles  of  C02/minute.  Less  than 
0.01  jumoles  of  RuDP  was  consumed  using 
the  45  minutes'  incubation  period.  This 
indicates  that  the  rate  of  breakdown  un- 
der these  conditions  is  less  than  1%  of  the 
potential  rate  of  C02  fixation.  No  con- 
sumption of  02  was  detected  in  a  similar 
system  when  the  02  concentration  was 
monitored  with  an  oxygen  electrode. 

The  absence  of  detectable  RuDP  oxi- 
dation under  the  same  conditions  used  in 
kinetic  studies  suggests  that  the  substan- 
tial inhibition  of  C02  fixation  caused  by 


TABLE  24.   Incubation  of  RuDP  with  N2  and 
02  in  the  Absence  of  C02 


RuDP  Concentration, 

/tmoles/ml 

Incubation  Time, 

N2 

02 

minutes 

Atmosphere 

Atmosphere 

0 

0.101 

0.115 

5 

0.101 

0.100 

15 

0.112 

0.106 

35 

0.111 

0.110 

45 

0.103 

0.093 

Values  represent  the  concentration  of  RuDP 
determined  on  aliquots  of  the  incubation  mix- 
ture at  the  times  indicated.  The  incubation 
mixture  was  the  same  as  that  used  in  the  assay 
of  carboxydismutase  except  that  NaHC03  was 
carefully  excluded.  Purified  carboxydismutase 
was  added  after  the  first  sample. 
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02  is  due  to  competitive  binding  of  O2  to  the  liquid  phase.  Since  this  enzyme  util- 

the  active  site  of  carboxydismutase  and  izes  C02  as  the  active  species,  one  might 

not  to  the  occurrence  of  an  alternative  predict  that  C02  fixation  in  vivo  should 

02  fixation  reaction.   These  observations  be  half  saturated  at  a  C02  concentration 

do  not,  however,  eliminate  the  possibility  of  the  atmosphere  which  is  in  equilibrium 

that  such  a  reaction  does  occur  in  vivo,  with  100  \xM  C02  dissolved  in  the  liquid 

It  is  possible,  for  example,  that  the  oxida-  phase.   The  experiments  in  vivo  indicate 

tion  of  RuDP  requires  the  presence  of  that  half  saturation  occurs  at  an  atmos- 

some  co-factor,  metal  ion,  or  protein  com-  pheric   C02   concentration  which   would 

ponent  which  is  eliminated  in  the  purifi-  be  in  equilibrium  with  only  10  fiM  C02  in 

cation  of  the  enzyme.   So  far,  efforts  to  the  liquid  phase  (Year  Book  69,  Fig.  11). 

demonstrate  this  have  been  unsuccessful.  Either  the  enzyme  studied  in  vitro  is  sub- 

The  addition  of  90  fiM  FeS04,  50  fxM  stantially  different  from  the  carboxydis- 

MnS04,  6  M  ZnS04,  1.5  fiM  CuS04  and  mutase  in  vivo,  or  the  concentration  of 

the  omission  of  sulfhydryl  protecting  re-  C02  at  the  site  of  carboxylation  is  higher 

agent   (DDT)   resulted  in  a  slight,  but  than  that  in  equilibrium  with  the  atmos- 

hardly  significant,  stimulation  of  RuDP  phere  (i.e.,  there  is  a  C02  concentrating 

breakdown.  Also,  there  is  some  suggestion  mechanism) .  In  spite  of  this  reservation, 

that  the  enzyme  is  in  an  inactive  form  in  which  indeed  must  be  applied  to  all  stud- 

the  absence  of  bicarbonate   (Pon  et  al.,  ies  of  carboxydismutase,  the  hypothesis 

1963).  If  this  is  so,  this  experimental  pro-  appears   to   be   very   tenable.     There  is 

cedure  would  not  be  a  valid  test  of  the  hy-  evidence  that  this  enzyme  reaction  is  rate 

pothesis  because  no  bicarbonate  was  pres-  limiting  in  photosynthetic  carbon  metab- 

ent.  Another  possibility  is  that  the  species  olism  at  light  saturation  in  vivo  (see  p. 

oxidized  may  actually  be  the  six-carbon  519,  this  Year  Book) .   Inhibition  of  this 

intermediate  formed  upon  carboxylation  enzyme  in  vivo  could  thus  result  in  an 

of  RuDP.  Further  tests  to  evaluate  these  inhibition  of  photosynthesis  under  these 

possibilities  are  in  progress.  conditions. 

It  is  perhaps  premature,  but  nonethe-  This  mechanism  by  itself,  however, 
less  tempting,  to  attempt  to  relate  the  cannot  explain  the  well-documented  in- 
well-documented  competitive  effect  of  02  hibition  of  photosynthesis  under  light- 
on  the  C02  fixation  reaction,  and  the  limiting  conditions,  where  the  supply  of 
hypothesized  oxidation  of  RuDP  to  energy  and  not  the  capacity  for  carboxy- 
form  glycolate,  to  the  effect  of  oxygen  on  lation  is  the  limiting  factor.  This  effect 
photosynthesis  in  vivo.  The  inhibition  of  might,  however,  be  explained  by  a  stimu- 
the  carboxylation  reaction  provides  a  lation  of  photorespiration  under  these 
very  attractive  means  of  explaining  the  conditions.  The  hypothesis  that  the 
effect  of  02  on  the  rate  of  net  photosyn-  RuDP-carboxydismutase  complex  is  oxi- 
thesis  under  limiting  C02  concentrations,  dized  by  molecular  02  is  particularly  at- 
where  21%  02  results  in  a  lower  carboxy-  tractive  because  it  predicts  that  02  should 
lation  efficiency  (Forrester  et  al.,  1966)  stimulate  and  C02  should  competitively 
or  a  higher  mesophyll  resistance  (Year  inhibit  the  rate  of  photorespiration,  which 
Book  69,  p.  646)  than  that  observed  occurs  in  vivo  (see  p.  524,  this  Year 
under  low  02  concentration.  The  data  ob-  Book).  Also,  since  photorespiration  and 
tained  in  vitro  is  different  in  one  impor-  photosynthesis  would  be  controlled  by 
tant  respect  from  the  measurements  of  alternate  reactions  of  the  same  enzyme,  it 
leaf  photosynthesis  in  vivo.  The  Km  for  provides  a  reasonable  explanation  for  the 
bicarbonate  of  about  5  mM  for  the  A.  apparent  balance  between  photorespira- 
patula  enzyme  at  pH  7.8  corresponds  to  a  tion  and  photosynthesis  at  the  character- 
concentration  of  C02  of  about  100  fiM  in  istic  C02  compensation  point  of  about  40 


530 


CARNEGIE     INSTITUTION 


ppm  C02  in  air  at  25  °C  for  terrestrial  C3 
plants.  Conclusive  evidence  that  this  oxi- 
dation process  occurs  either  in  vitro  or 
in  vivo  is,  however,  not  yet  available. 
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A  Model  of  Leaf  Photosynthesis 
and  Respiration 

Anthony  E.  Hall 

Photosynthesis  and  respiration  at  the 
leaf  level  of  organization  are  a  complex 
system  involving  the  integrated  function- 
ing of  structural,  biophysical,  and  bio- 
chemical components.  A  mathematical 
model  which  simulates  this  system  in  a 
reasonable  manner  would  have  three 
basic  uses:  analyzing  and  testing  hy- 
potheses concerning  the  interactions  of 
these  components;  predicting  how 
changes  in  these  components  would  influ- 
ence C02  exchange  by  leaves  in  different 
environments;  and  assisting  the  evalua- 
tion of  possible  adaptive  advantages  in 
different  habitats  of  specific  photosyn- 
thetic  characteristics. 

Mathematical  models  of  leaf  photo- 
synthesis have  been  developed  but  they 
all  have  important  deficiencies.  Chartier 
(1966)  took  the  theoretical  treatment  of 


the  diffusive  transport  of  C02  developed 
by  Gaastra  (1959),  combined  it  with 
equations  describing  the  flows  of  carbon 
and  energy  proposed  by  Rabinowitch 
(1951),  and  obtained  a  quadratic  equa- 
tion which  predicts  photosynthetic  re- 
sponses to  light  and  C02  concentration. 
His  model  assumes  that  respiratory  fluxes 
are  negligible,  and  this  may  not  be  rea- 
sonable with  species  that  exhibit  photo- 
respiration.  Chartier's  model  has  been 
extended  to  include  a  respiratory  com- 
ponent in  the  light  which  has  a  constant 
rate  equivalent  to  that  observed  in  the 
dark  (Chartier  et  al,  1970),  but  this 
assumption  may  also  be  unreasonable. 
More  complete  relational  models  for 
photosynthesis  and  respiration  have  been 
described  by  Lake  (1967)  and  Samish 
and  Roller  (1968),  but  the  equations 
developed  do  not  take  into  consideration 
biochemical  limitations  or  interactions  in 
C02  uptake  and  release,  and  only  apply 
in  conditions  of  light  saturation.  A  hy- 
pothetical interaction  at  the  molecular 
level  between  photosynthesis  and  photo- 
respiration  has  been  modeled  by  Laisk 
( 1 970) .  The  model  assumes  that  ATP  is  the 
only  product  of  the  photosystems  which 
limits  the  functioning  of  the  Calvin  cycle. 
The  neglection  of  the  role  of  NADPH 
may  not  be  reasonable.  Waggoner  (1969) 
has  developed  a  more  general  model 
which  describes  leaf  photosynthesis  and 
respiration  as  a  function  of  the  major 
climatic  variables:  irradiance;  external 
and  internal  C02  concentration,  and  leaf 
temperature.  This  model  also  includes  a 
number  of  leaf  parameters  which  have 
physiological  bases.  Unfortunately,  the 
model  includes  various  empirical  param- 
eters (Kwl  and  Kci)  which  probably  de- 
pend upon  characteristics  of  both  the 
photosystems  and  the  carbon  metabolism, 
thus  obscuring  important  interactions. 
The  metabolic  relationship  between 
photosynthesis  and  photorespiration  was 
not  included  in  the  model.  All  of  these 
models  had  important  features  which 
were  incorporated  into  a  more  complete 
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model  of  leaf  photosynthesis  and  photo- 
respiration  by  Hall  (1970). 

The  same  approach  to  modeling  leaf 
photosynthesis  that  was  previously  de- 
veloped by  Hall  is  used  here,  but  the 
model  is  more  general.  A  steady-state 
model  was  developed  for  conventional  C3 
species.  This  model  has  potential  for  use 
in  both  prediction  and  analysis.  Two 
sub-models  were  defined.  The  first  de- 
scribes the  transport  of  C02  from  the 
external  air  to  the  protoplast  and  the 
second  describes  the  flows  of  energy  and 
carbon.  The  model  considers  the  opera- 
tion of  the  Calvin  cycle  and  a  hypothet- 
ical pathway  for  photorespiration. 

Sub -model  for  the  transport  of  C02 
from  the  external  air  to  the  protoplast. 
Theoretical  "treatments  of  the  transport  of 
C02  into  leaves  have  already  been  devel- 
oped (Gaastra,  1959).  The  relational 
model  used  (Fig.  39)  is  the  simplified 
version  of  Lake  (1967),  in  which  the 
transport  of  C02  may  be  visualized  as 
being  analogous  to  the  transport  of  elec- 
tricity in  conductors.  The  fluxes  of  C02 
(P„,  Pt,  Ri,  and  Rd) ,  their  pathways,  and 
a  number  of  resistors  (r/,  r/,  rw'  and  rk') 
are  described.  Pn  is  the  net  flux  of  C02 
into  the  leaf;  Rj  is  the  "photorespiratory" 
flux,  and  Rd  is  the  Krebs  cycle  flux  of 
COo ;  Pt  represents  the  fixation  of  C02  in 
the  chloroplasts.  This  particular  model 
applies  only  to  isolateral  leaves,  where 
both  the  boundary-layer  resistances  (r/) 
and  the  leaf  resistances  (r{,  including  sto- 
matal  and  cuticular  components)  if  the 
upper  and  lower  epidermises  of  the  leaf 
are  equivalent.  Relational  and  mathema- 
tical models  which  can  be  used  for  aniso- 
lateral  leaves  were  described  by  Hall 
(1970,  Appendix  A).  The  stomatal  com- 
ponent (r/)  of  the  leaf  resistance  (r{) 
may  also  be  described  empirically  as  a 
function  of  irradiance.  However,  when 
irradiance  decreases  and  stomata  par- 
tially close,  the  dependence  of  photo- 
synthesis upon  [CO2]  also  decreases.  In 
earlier  studies  it  was  predicted  that  with 
Beta  vulgaris  the  dependency  of  stomatal 
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Fig.  39.  Relational  model  for  the  transport  of 
C02  from  the  external  air  into  the  leaf,  and  the 
relative  locations  of  CO2  release  and  fixation 
within  the  leaf. 


opening  upon  irradiance  has  little  influ- 
ence upon  C02  exchange  (Hall,  1970) .  It 
is  still  not  clear  whether  moderate 
changes  in  [C02]  have  an  effect  upon 
stomatal  aperture  in  all  species.  At  mod- 
erate irradiances,  Gaastra  (1959),  Park- 
inson (1968),  and  Hall  (1970)  observed 
no  effects  on  stomatal  resistance  of  mod- 
erate changes  in  [C02]  (200  ±  100  ppm 
estimated  concentration  inside  the  leaf). 
An  additional  physical  parameter  (rw') 
was  included  to  describe  the  resistance  to 
the  transport  of  C02  from  the  evaporat- 
ing surfaces  inside  the  leaf  to  the  proto- 
plast. 

Currently,  rw'  cannot  be  measured  but 
it  can  be  estimated  from  physical  laws 
and  anatomical  characteristics  of  the  leaf. 
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Fick's  first  law  describes  the  movement 
of  molecules  by  diffusion: 


dm  fie 

dt  fix 


(1) 


where 
dm 


=  the  net  rate  of  molecular  move- 
ment  through  a  unit  area  in  the 
x  direction, 


=  the  change  in  molecular  concen- 
vx       trations  in  the  x  direction,  and 

D  =  a  diffusion  coefficient. 

The  steady-state  molecular  flux  over  a 
specific  distance  in  the  x  direction  (Ax) 
is  described  by: 


dm 
dt 


—  D 


Ac 
Ax 


(2) 


where  Ac  =  the  difference  in  molecular 
concentration  along  Ax.  When  resistances 
are  used  to  describe  molecular  diffusion, 
the  following  expression  is  used: 


dm 
dt 


Ac 


(3) 


By  comparing  equations  2  and  3  it  is 
apparent  that: 

r  =  Ax  (D)'1. 

In  the  case  of  rw',  Ax  can  be  approximated 
by  the  mean  thickness  of  the  chloren- 
chyma  cell  walls  (Ad).  The  liquid  path- 
ways across  cell  walls  are  probably  not 
straight  lines.  A  tortuosity  factor  (F) 
was  added  to  describe  the  ratio  of  the 
actual  distance  traveled  to  the  shortest 
distance.  Another  coefficient  is  required 
to  convert  the  equation  from  a  cellular  to 
a  leaf  area  basis.  The  ratio  of  the  sur- 
face area  of  the  cells  inside  the  leaf  to 
the  projected  area  of  the  leaf  (S)  was 
used  in  this  conversion.  An  expression  for 
rw'  was  obtained : 

rw'—  (Ad)  F  (DS)-1.  (4) 

The  tortuosity  for  cylinders  which  are  not 


touching  is  rr  (3.14),  and  the  minimum 
tortuosity  is  1.  An  intermediate  value  of 
F  =  2  was  chosen.  The  diffusivity  of  C02 
in  liquid  water  (D)  is  1.98  X  10"5  cm2 
sec"1.  According  to  the  measurements  of 
El-Sharkawy  and  Hesketh  (1965)  with  a 
number  of  species,  S  =  12  to  31.  A  Ad 
of  2  X  10~5  to  3  X  10~5  cm  was  estimated 
for  Atriplex  patula  from  electron  micro- 
graphs. Using  these  values  and  equation 
4,  one  obtains: 


-i 


Tw  =  0.1  to  0.2  sec  cm 

To  complete  the  mathematical  model  for 
the  transport  of  C02  from  the  external  air 
to  the  protoplast,  it  was  assumed,  follow- 
ing the  suggestion  of  Jacobs  (1967) ,  that 
there  is  a  rapid  equilibration  of  C02  at 
gas-liquid  phase  boundaries  (i.e.,  at  the 
cell  surfaces  inside  the  leaf) .  The  flux  of 
C02  in  the  gaseous  phase  is  then  de- 
scribed by: 


(C,-Ct)  (r.'  +  n') 


(5) 


where  Pn  is  the  net  C02  exchange  per  unit 
projected  leaf  area,  and  Ct  and  Ct  are  the 
concentrations  of  C02  outside  the  bound- 
ary layer  and  at  the  evaporating  surfaces 
inside  the  leaf,  respectively.  The  flux  of 
C02  in  the  liquid  phase  is  described  by: 


Pn=(sCi-Cw)  (r,')-1; 


(6) 


where  Cw  is  the  concentration  of  C02  at 
the  surfaces  of  the  protoplast  and  s  is  a 
dimensionless  solubility  factor  for  C02 
air  to  water  (—  0.76  at  25°C) .  The  total 
mathematical  sub-model  is  obtained  by 
eliminating  d  from  equations  5  and  6  to 
give: 

Pn  =(sCt-  Cw)  [s  (r/  +  r{)  +  rw'Y\ 

(7) 

It  should  be  noted  that  according  to  this 
model  the  physical  component  of  the 
mesophyll  resistance  rw'  may  be  small  in 
many  species,  with  a  value  of  0.15  sec 
cm-1,  in  comparison  with  the  other  com- 
ponents, &(ra'  -\- r{) ,  which  generally 
have  a  total  value  greater  than  1.5  sec 
cm-1.    This  has  another  important  con- 
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sequence.  Figure  39  includes  the  implicit 
assumption  that  C02  fixation  (Pt)  and 
C02  release  (Rj  and  Rd)  occur  in  a  homo- 
geneous protoplast.  Leaves  contain  non- 
chlorophyllous  tissue,  but  this  will  not 
result  in  large  errors  when  rw'  is  small 
relative  to  s(ra'  +  r{) .  The  nature  of  the 
biochemical  resistance  to  C02  fixation 
(fk)  and  the  relationship  between  photo- 
synthesis and  photorespiration  are  de- 
scribed in  the  following  section. 

Sub-model  of  photo  synthetic  and  res- 
piratory metabolism  in  C3  species.  The 
relational  model  used  (Fig.  40)  describes 
a  simplified  version  of  the  Calvin  cycle 
and  a  hypothetical  cycle  for  photorespira- 
tion. Following  the  suggestions  of  Bass- 
ham  and  Kirk  (1962)  and  Whittingham 
et  al.  (1967),  it  was  assumed  that  the 
complex  of  ribulose-l,5-diphosphate 
(RuDP)  with  carboxydismutase  is  oxi- 
dized by  02  or  some  other  oxidant  pro- 
duced from  02  to  provide  the  substrate 
for  photorespiration.  It  was  also  assumed 
that  some  of  this  carbon  is  released  as 
C02,  whereas  the  remainder  re-enters  the 
cycle  as  3-phosphoglycerate  (3-PGA). 
The  stoichiometry  of  this  cycle  was  based 
upon  evidence  obtained  by  Tolbert  and 
co-workers  (refer  to  Bruin  et  al.,  1970) , 
e.g.,  one  mole  of  RuDP  could  be  oxidized 
to  one  mole  each  of  3-PGA  and  P-glyco- 
late.     One    mole    of    P-glycolate    could 


eventually  produce  %  mole  of  C02  and 
V2  mole  of  3-PGA.  Overall,  2  moles  of 
RuDP  would  produce,  on  oxidation  and 
further  metabolism,  3  moles  of  3-PGA 
and  1  mole  of  C02.  The  energetics  of 
these  transformations  are  not  considered 
in  the  model. 

It  was  also  assumed  that  the  conver- 
sion of  PGA  to  GAP  and  the  regenera- 
tion of  RuDP  are  limited  by  [NADPH] 
and  not  [ATP]  in  conditions  where  C02 
uptake  is  limited  by  the  flux  of  radiation. 
The  following  equation  was  developed  for 
light-limiting,  steady-state  conditions: 

2Pt  -SRl  =  k2  [PGA]  [NADPH] . 

(8) 

Here,  Pt  and  Rr  represent  the  rates  of 
C02  fixation  and  C02  release  in  photo- 
respiration, with  Rj  defined  as  being  neg- 
ative; k2  represents  a  rate  constant  for 
the  reductase  reaction.  The  relaxation 
time  of  this  model  is  of  the  order  of  min- 
utes ;  thus  the  total  level  of  certain  pyri- 
dine nucleotides  was  assumed  to  be  con- 
stant (=  JV0) : 

N0  =  [NADPH]  +  [NADP] .     (9) 

In  steady-state  conditions,  the  regen- 
eration of  NADPH  would  have  to  be 
equivalent  to  its  consumption  rate  as  de- 
scribed by  equation  8.  It  was  assumed 
that  in  light-limiting  conditions  the  re- 


NADPH  — 


GAP   — 


-^  isw\/    t_ 


NADP- 


CH20) 


Fig.  40.   Relational  model  for  photosynthetic   and   photorespiratory   metabolism. 
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generation  is  linearly  dependent  upon  the 
incident  quantum  flux  between  400  and 
700  nm  (E) ,  and  upon  [NADP]  : 

2pt  -  3Rt  =  fc3  [NADP]  E.    (10) 

Here,  ks  is  a  constant  which  is  related  to 
leaf  absorbancy  and  photosystem  effi- 
ciency in  reducing  NADP.  Equation  10 
is  an  improvement  compared  with  the 
models  of  Chartier  (1966)  and  Hall 
(1970),  which  assumed  that  the  concen- 
tration of  NADPH  was  linearly  related 
to  E.  It  is  more  reasonable  to  consider 
that  the  rate  of  reduction  of  NADP  is 
related  to  E,  but  the  assumption  that  it 
is  also  first  order  with  respect  to  [NADP] 
should  be  tested. 

It  was  also  assumed  that  the  pool  size 
of  certain  Calvin  cycle  components  is 
constant  {=  A0)  over  the  relaxation  time 
of  the  model: 

A0=  [RuDP]  +  [PGA].      (11) 

The  carboxydismutase(CDM)  -catalyzed 
oxidation  of  RuDP  to  form  the  initial 
substrate  for  photorespiration  was  consid- 
ered to  be  first  order  with  respect  to 
RuDP  and  oxygen  in  ambient  cellular 
conditions: 

Ri  -  -%  fc4  [RuDP]  Ow.      (12) 

The  concentration  of  oxygen  in  the  proto- 
plasts is  Ow,  and  /c4  is  a  rate  constant. 
The  CDM-catalyzed  formation  of  PGA 
from  RuDP  and  C02  was  modeled  by 
equation  13: 

Pt  =  fci  Pm  [RuDP]  Cw  (J*  A0  Cw  + 
Pm  +  Pmk*Ow)-i.  (13) 

At  low  [C02]  (Cw  -»  0)  the  reaction  is 
first  order  with  respect  to  [RuDP]  and 
Cw,  and  inversely  related  to  (1  +  k*Ow). 
Here  P  is  a  constant  which  takes  into 
account  the  complexing  of  02  with 
RuDP-CDM,  and  kx  is  a  rate  constant. 


The  continuity  principle  was  applied 
to  the  relational  model  (Fig.  39),  pro- 
ducing 

Pn  =  Pt  +  Rd  +  Rl}  (15) 

where  Pn  is  the  net  flux  of  C02  into  the 
leaf  and  Rd  is  the  rate  of  C02  release  by 
the  Krebs  cycle  (negative).  It  was  as- 
sumed that  Rd  is  unaffected  by  light. 
There  are  conflicts  in  the  literature  on 
this  point,  but  the  assumption  may  be 
reasonable  in  many  circumstances  where 
Pn  is  relatively  large,  at  least  compared 
with  Rd  as  measured  in  the  dark. 

The  unknown  variables  in  equations  8, 
9,  10,  11,  12,  13,  and  15  were  eliminated 
by  simultaneous  solution,  producing  a 
quadratic  equation.  The  appropriate  root 
of  this  equation  is 

(Pn  —  Rd)=  [—b  —  {b2  —  4ac)05]  2a'1. 

(16) 

The  following  substitutions  were  made: 

rk'  for  (k1  A0) _1  ==  the  carboxylation re- 
sistance ; 
a  for  x/2  &3  No  ==  the    light    utilization 

efficiency ; 
R  for  — %  k4  A0  ==  a    photorespiration 

parameter ; 
Px  for  %  k2  A0  N0  =  the   maximum  in 

vivo  rate  of  the  re- 
ductase reaction; 

and  Z  for  (Cw  +  Pm  rk'  +  Pm  rk'  k*Ow) , 
for  convenience  in  presentation.  The 
values  of  a,  b  and  c  in  equation  16  are 
given  in  terms  of  these  parameters: 


a  =  PxZ(2PmCw-SROwZ) 


(17) 


As  Cw  -+0,Pt->  la  [RuDP] 
Cw(l  +  k*Ow)-\ 


(14) 


Pm  represents  the  C02-saturated  and 
light-saturated  rate  of  C02  fixation  where 
according  to  the  model  [RuDP]  =  A0. 


b  =  —  (Pm  Cw  +  ROwZ) 
[2Pm  Cw  (Px  +  aE)  + 
Z(2PxaE-SROw(Px  +  aE))l 

(18) 

c  =  2PX  aE(Pm  Cw  +  ROwZ)\       (19) 

The  physiological  nature  of  the  param- 
eters and  means  for  ascertaining  their 
values  can  be  obtained  by  taking  the  ap- 
propriate limits  of  equation  16  and  its 
partial  differentials.  These  mathematical 
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operations  are  simplified  considerably  by 
the  series  approximation 

(Pn-Rd)  =-cb-\  (20) 

which  applies  whenever  4  ac  b'2  is  small. 
When  this  is  done,  it  is  found  that 

(P»  -  Rd)  ->  2PX  ROw  (2PX  -  SROnY1 
as  Cw  ->  0  and  E  -»  oo .  (21) 

It  is  likely  that  Px  >  >  ROw;  therefore, 
this  limit  becomes 
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(Pn  -  Rd)  -»  BO, 
It  is  also  found  that 


(22) 


(Pn  -  Rd)  ->  2P,  (Pm  +  POw) 
(2P,  +  2Pm-3POJ"1 

as  Cw  and  E  -»  oo .  (23) 

With  P^  and  Pw  >  POwthis  limit  becomes 

(Pn-P,)-^P,Pm(Pa;  +  PTO)-i, 

(24) 

and  for  P^  >  Pm,  this  limit  in  turn  be- 
comes 


(Pn  -  JB„)  -»  P, 


(25) 


Considering  the  partial  derivatives,  we 
find  that 


2Px(2Px-5ROw) 


w 

[rk  (1  -f  fc*  OJ  (2P*  -  3JSCU2]-1. 
as  Cw  ->  0  and  E  -»  oo .  (26) 

With  P*  >  >  POw  this  limit  becomes 


/dPn\ 

\dCw)o 


and  as  0„  — »  0, 


ln'{l  +  k*Ow)Y\ 


/9Pn\ 

Vscv 


(r/) 


(27) 


(28) 


We  also  find  that 


dPn\ 

dE  ) 


>  2a(PmCw  -\-  ROwZ) 
(2PmCw  —  ZROnZ)-1  as  E -*  0. 


(30) 


Hence,  as  Ow  -»  0, 

while  as  Cw  — >  oo, 

(U)  -^2^p»+«°») 

(2Pm-3POw)~1.  (31) 

With  Cw  ^  oo  and  Ow  >  0, 

(ZPn\ 


dE) 


<«. 


(32) 


(29) 


Preliminary  Testing.  According  to  the 
metabolism  submodel  (equation  13) ,  rk' 
should  be  inversely  related  to  the  CDM 
activity  per  unit  leaf  area,  providing  A0 
does  not  change.  According  to  limit  equa- 
tion 28,  rk  is  the  inverse  of  the  slope  of 
the  photosynthetic  (Pn)  response  to  the 
[C02]  in  the  protoplast  when  both  the 
[02]  and  [C02]  are  small  and  E  is  satur- 
ating. In  this  case,  rw'  is  small  and  s  is 
constant;  therefore,  the  inverse  of  the 
slope  of  the  response  of  Pn  to  Ct  at  low 
[02]  and  saturating  E  (=2/  —  r/  by 
definition)  may  be  used  as  an  estimate 
of  rk'.  Medina  (Year  Book  69,  p.  655) 
reported  rapid,  reversible  effects  of 
nitrate  levels  in  the  rooting  medium  on 
CDM  activities  in  the  leaves  of  Atriplex 
patula.  He  also  made  detailed  measure- 
ments of  photosynthetic  responses  to 
[C02]  at  low  [02]  and  saturating  E. 
Values  of  %rf  —  r/  were  calculated  from 
these  data,  and  they  are  inversely  related 
to  CDM  activity  (Fig.  41),  supporting 
the  model. 

According  to  the  metabolism  sub- 
model, the  rate  constants  for  C02  fixation 
(/ci)  and  RuDP  oxidation  (/c4)  should 
both  be  proportional  to  the  level  of  CDM. 
Therefore,  Rrk  =  —  /c4  (2k1)~1  should 
be  constant  for  all  conventional  C3  species 
at  all  levels  of  CDM,  providing  specific 
differences  in  the  structure  of  CDM  are 
not  present.  The  parameter  rk  was  esti- 
mated as  before,  and  ROw  was  estimated 
by  the  extrapolated  value  of  P„  as  C*  — > 
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inverse  of  the  carboxylation  resistance  obtained 
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Fig.  42.  Correlation  between  estimates  of  the 
inverse  of  the  carboxylation  resistance  and  the 
photorespiration  parameters,  obtained  from  gas 
exchange  data  with  intact  leaves. 


0  (limit  22).  This  estimate  of  R0W  is 
only  valid  when  both  rw'  and  R&  are  rela- 
tively small.  Values  of  R0W  at  21%  02 
and  2r'  —  r/  at  low  [02]  were  calculated 
from  the  data  of  all  reported  experiments 
where  the  necessary  measurements  had 
been  made.  Values  were  obtained  for 
healthy  and  virus-infected  sugar  beets 
(Hall,  1970),  Atriplex  patula  plants 
which  had  been  subjected  to  different 
levels  of  nitrate  supply  (Medina)  or 
which  were  of  different  age  and  had  leaves 
of  different  age  (Slatyer,  1970) ,  and  dif- 
ferent ecotypes  of  Solarium  dulcamara 
which  had  been  subjected  to  pre-treat- 
ments  of  radiation  at  different  intensities 
(Gauhl,  Year  Book  68,  p.  633).  &  — 
r/)~l  was  linearly  correlated  with  R0W, 
and  the  correlation  coefficients  were  sim- 
ilar in  value  for  all  species  and  for  all  of 
the  treatments  tested  (Fig.  42) ,  thus  sup- 
porting the  model.  An  equivalent  test  is 
that  the  C02  compensation  point,  where 
the  rates  of  CO2  fixation  and  release  are 
equal,  should  be  fairly  constant  for  all  C3 
species  in  all  conditions,  providing  tem- 
perature and  oxygen  concentrations  are 
equivalent  and  the  irradiance  is  saturat- 
ing and  where  rw'  and  Rd  are  relatively 
small  or  similar  in  value.  Moss  et  al. 
(1969)  made  careful  measurements  of 
C02  compensation  points  and  obtained 
values  of  52  ±  2  ppm  for  100  different 
genotypes  of  wheat  and  55  ±  2  ppm  for 
20  genotypes  of  barley. 

According  to  the  model,  ROw  and  the 
change  in  %rf  —  r/  (limit  27  minus  limit 
28)  should  be  proportional  to  [02]. 
Values  obtained  from  Troughton  and 
Slatyer  (1969)  support  the  model  for 
[02]'s  less  than  50%  (Fig.  43).  It  is 
likely  that  [02]'s  greater  than  50%  in- 
fluence many  physiological  processes. 

Pm  should  be  related  to  r/.  Medina 
reported  reductions  in  light-  and  C02- 
saturated  Pn  at  low  [02]  (=  Pm,  limit 
25)  of  31%  in  plants  which  were  nitrogen 
deficient  and  reductions  in  {%'rJ  —  r/)"1 
of  30%  in  the  same  leaves. 

All  of  these  data  support  the  model; 
however,  it  could  and  should  be  tested 
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Fig.  43.    The  influence  of  oxygen  upon  C02 
exchange  parameters  of  intact  leaves. 


more  rigorously  at  the  organelle  and 
molecular  levels  of  organization.  The 
model  predicts  that  C02  fixation  by  iso- 
lated chloroplasts  and  CDM  should  be 
inhibited  by  oxygen.  Both  of  these  phe- 
nomena have  been  reported  (Bidwell 
et  al,  1969;  Ellyard  and  Gibbs,  1969; 
Bowes  and  Ogren,  1970;  and  Berry,  this 
Year  Book,  p.  526). 

The  operation  of  the  model.  Equations 
7  and  16  (equations  17,  18,  and  19  pro- 
vide the  values  of  a,  b,  and  c)  were  solved 
by  a  computerized  iteration  procedure 
which  finds  the  value  of  Cw  which  gives 
the  same  Pn  by  both  equations  for  specific 
concentrations  of  C02  and  02  external  to 
the  leaf  and  for  specific  irradiances.  The 
model  may  be  described  by  the  following 
functional  relationship : 


Pn  =  i(Ct,0,,E) 


v. «. 


Pm,  P„,  R  and  R., 

in'       a:'  a* 


(33) 


where  Ct,  Ot,  and  E  are  independent  vari- 
ables. The  oxygen  concentration  external 
to  the  leaf,  Ot,  can  be  considered  equiva- 
lent to  Ow  because  they  will  only  differ  by 


a  few  hundred  ppm.  The  parameters  ra' 
and  r{  may  be  obtained  from  transpira- 
tion, vapor  pressure  gradient,  and  dif- 
fusivity  data ;  rwf  may  be  calculated  from 
equation  4,  using  data  on  leaf  anatomy; 
rjf  may  be  calculated  from  the  response 
of  Pn  to  Ct  in  saturating  light,  low  [02] , 
and  low  [C02] ,  using  equation  7  and 
limit  28.  R  may  be  calculated  from  the 
response  of  (Pn  —  Ra)  to  Ct  in  saturating 
light  at  any  known,  moderate  [02], 
using  equation  7  and  extrapolation  to 
Cw  =  0  based  upon  limit  22.  The  quan- 
tity k*  may  be  obtained,  using  limits  27 
and  28  and  equation  7,  from  the  responses 
of  Pn  to  Ct  at  saturating  light  and  two 
known  [02]  's.  The  efficiency  a  may  be 
obtained  from  the  response  of  Pn  to  E  at 
low  levels  of  E  and  [02]  (limit  30).  Rd 
may  be  approximated  by  the  rate  of  C02 
evolution  in  the  dark  at  the  appropriate 
temperature.  The  model  predicts  that  in 
ambient  conditions  Pn  is  fairly  insensitive 
to  changes  in  Px  or  Pm,  providing  they  are 
not  too  small.  Px  Pm  (Px  -\-  Pm)'1  may  be 
obtained  by  choosing  a  value  somewhat 
larger  than  (Pn  —  Rd)  at  saturating  light 
and  [C02]  and  low  [02]  (limit  24) .  In- 
dividual values  may  be  obtained  for  Pm 
and  Px  by  assuming  that  Px  is  larger  than 
Pm  (e.g.,  Px  =  10  X  Pm).  The  values  of 
the  parameters  which  were  obtained  for 
Atriplex  patula  at  27°C  from  the  data  of 
O.  Bjorkman  and  colleagues  are  presented 
in  Table  25. 

The  predictions  of  the  model.  Photo- 
synthetic  responses  to  incident  quanta 
and  [C02]  external  to  the  leaf  were  pre- 
dicted by  the  model  for  Atriplex  patula 
at  27°C  and  21%  [02].  The  light  re- 
sponse curves  (Fig.  44A)  are  similar  to 
observed  responses,  except  that  the  model 
predicted  a  dependency  of  the  initial  slope 
of  the  light  response  curve  on  the  [C02] 
(also  refer  to  limit  29).  It  is  generally 
assumed  that  this  initial  slope  is  inde- 
pendent of  [C02] ,  so  this  point  was  in- 
vestigated in  detail.  According  to  the 
model,  the  initial  slope  of  the  light  re- 
sponse curve  is  independent  of  [C02]  at 
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Symbol 


TABLE  25.  Parameters  of  Photosynthesis  and  Respiration  for 
A  triplex  patula  at  27  °C 


Description 


Value 


Unit 


'a  boundary-layer  resistance 

Ti  leaf  resistance  in  saturating 

light  and  ambient   [CCX>1 
rw'  wall  resistance 

Tu  carboxylation  resistance 

s  solubility  of  C02  water /air 

a  light    utilization    efficiency, 

based       upon       incident 

quanta 
Pm  maximum   in   vivo   rate   of 

C02  fixation  by  CDM 
P>  maximum  in   vivo   rate   of 

NADP  reduction 
R  photorespiration  parameter 

/c*  parameter     for     0-     effect 

upon  C02  fixation 

Rd  rate  of  C02  release  by  the 

Krebs  cycle 


0.5 

.sec  cm 

1.0 

sec  cm-1 

0.15 

sec  cm-1 

1.30 

sec  cm-1 

0.72 

dimensionless 

0.073 

mole  einstein-1 

8.0 

nanomole  cm-2  sec-1 

80 

nanomole  cm-2  sec-1 

-3.0 

nanomole  cm-2  sec-1 

when  [02]  is  a  ratio 

2.5 

dimensionless      when 

[02]   is  a  ratio 

■0.09 


nanomole  cm  2  sec  1 


The  independent  variables  Ci,  Ot,  and  E  have  units  of  nanomole  cm-3,  ratio  with 
respect  to  atmospheric  pressure,  and  nanoeinstein  cm"2  sec"1,  respectively,  to  give 
values  for  Pn  in  units  of  nanomole  cm-2  sec-1. 


low  [02]  but  dependent  upon  [C02]  at 
moderate  [02]  (Fig.  45).  Recently,  0. 
Bjorkman  has  obtained  data  using  Atri- 
plex  patula  ssp.  spicata  which  support 
both  of  these  phenomena.  At  low  [02] 
and  low  light,  Pn  is  dependent  upon  the 


functioning  of  the  photosystems,  which 
are  not  influenced  by  [C02].  At  high 
[02]  and  low  light,  the  [C02]  influences 
the  relative  amounts  of  RuDP  which  are 
involved  in  C02  fixation  and  which  are 
oxidized  in  photorespiration.  The  increase 


0  50  100       0  10  20 

Incident  quanta,  [CO2I  external  .nano  mole  cm"3 

nano  einstein  cm"2sec"' 


Fig.  44.   Net  photosynthesis  of  Atriplex  patula  at  21%  02  and  27°C,  as  predicted  by  the  model. 
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Fig.  45.  Predicted  light  response  curves  for 
A  triplex  patula  at  27  °C.  Comparable  observed 
values  are  presented  by  Bjorkman  (this  Year 
Book,  Fig.  36). 


in  light  utilization  efficiency  predicted  by 
the  model  for  low  versus  normal  [02] 
has  already  been  reported  by  Bjorkman 
et  al.  {Year  Book  68,  p.  620,  Fig.  44)  for 
Atriplex  patula. 

The  photosynthetic  response  curves  to 
[C02]  predicted  by  the  model  (Fig.  44B) 
are  similar  to  observed  responses  in  pre- 
dicting the  independence  of  both  the  C02 
compensation  point  and  the  initial  slope 
of  the  curve  from  moderate  changes  in 
irradiance.  The  curves  do  not,  however, 
exhibit  early  saturation,  so  this  point  was 
also  investigated  in  detail.  The  photosyn- 
thetic responses  to  [C02]  inside  the  leaf 
were  predicted  for  saturating  light  at 
1.5%  and  21%  [02]  and  compared  with 
data  obtained  by  0.  Bjorkman  (Fig.  46). 
The  predictions  deviate  from  the  ob- 
served values  in  that  the  observed  Pn 
saturates  very  rapidly  at  moderate  values 
of  [C02]  internal  in  low  [02] .  This  rapid 
saturation  of  Pn  cannot  be  accounted  for 
by  stomatal  closure  at  high  [C02] ,  be- 
cause the  observed  and  the  predicted  data 
are  based  upon  [C02]  internal-  Further,  the 
model  could  not  be  made  to  duplicate  the 


rapid  saturation  by  adjusting  the  values 
of  Pm  and  Px.  It  is  suggested  that  high 
[C02]  may  have  detrimental  effects  upon 
some  aspects  of  C02  fixation  which  are 
currently  unknown  and  which  were  not 
included  in  the  model.  Also,  the  model 
did  not  predict  a  rapid  convergence  of 
the  photosynthetic  responses  to  [C02]  in 
normal  and  low  [02]  (Fig.  46),  and  this 
has  been  observed  with  Atriplex  patula 
ssp.  spicata  by  0.  Bjorkman  (this  Year 
Book,  Table  20) .  It  is  not  clear  whether 
this  is  also  due  to  the  postulated  high 
[C02]  effect  upon  C02  fixation  or  whether 
the  model  has  some  other  deficiency. 

After  further  testing  and  development 
the  model  could  be  extended  to  include 
temperature  as  a  variable.  Basically,  the 
extension  would  involve  including  func- 
tions to  describe  the  dependencies  of  r{} 
s,  rk',  Pm,  Px,  R,  k*,  and  Rd  upon  tem- 
perature. Further  research  and  analysis 
should  also  establish  whether  the  model 
can  be  simplified  by  eliminating  Px  and 


—  Model  predictions 

—  Observed  values 


0  5  10  15  20  25 

[CO2I  internal  .nano  mole  cm"3 

Fig.  46.  Predicted  and  observed  photosyn- 
thetic response  curves  to  internal  C02  concen- 
tration for  Atriplex  patula  at  27 °C. 
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modeling  rk',  Pm,  and  R  as  being  depend- 
ent upon  two  parameters,  A0  and  the  level 
of  CDM  in  the  leaf.  In  this  way,  values 
for  rk,  Pm,  and  R  would  be  obtained  from 
one  calculation  based  upon  one  response 
curve.  The  quantity  k*  may  also  be  con- 
stant for  a  number  of  conventional  C3 
species.  The  present  model  behaves  rea- 
sonably, but  several  of  the  hypotheses  on 
which  it  is  based  require  further  testing. 
In  particular,  the  hypothesis  that  carb- 
oxydismutase  catalyzes  both  the  fixation 
of  C02  and  the  formation  of  the  photo- 
respiratory  substrate  should  be  tested  fur- 
ther. An  alternative  hypothesis  has  been 
advanced  by  Gibbs  (1970). 
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Photosynthetic  Performance  of  Two 
Desert  Species  with  C4  Photosyn- 
thesis in  Death  Valley, 
California 

Robert    W.  Pearcy,   Olle  Bjorkman, 
A.  T.  Harrison*  and  H.  A.  Mooney* 

Comparative  studies  on  C3  and  C4 
species  of  higher  plants  grown  under  con- 
trolled conditions  in  the  laboratory  pre- 
dict that  the  C4  pathway  of  photosynthe- 
sis would  confer  an  important  adaptive 
advantage  in  habitats  with  high  irradi- 
ance,  high  temperature,  and  limited  water 
supply  (see  review  by  Bjorkman,  1971). 
During  the  year  we  have  extended  our 
studies  on  the  functional  and  ecological 
significance  of  the  C4  pathway  to  include 
field  measurements  of  photosynthesis  of 
two  C4  species  in  their  native  habitats  on 
the  floor  of  Death  Valley,  California. 
These  species,  Atriplex  hymenelytra 
(Torr.)  S.  (Wats.)  and  Tidestromia  ob- 
longifolia  Wats.  Standi.,  occupy  similar 
sites  but  differ  considerably  in  their  sea- 
sonal activity. 

Both  species  investigated  are  found  in 
the  eastern  Mohave  and  Colorado  deserts 
of  southeastern  California,  southern 
Nevada,  and  western  Arizona  and  are 
common  on  the  floor  of  Death  Valley. 
T.  oblongifolia  is  a  low-growing,  herba- 
ceous perennial  which  occurs  in  dry  sandy 
places,  such  as  washes,  below  700  m  ele- 

*  Department  of  Biological  Sciences,  Stanford 
University,  Stanford,  California. 
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vation.    It  is  active  during  the  summer  hymenelytra  were  made  near  the  Furnace 

and  is  dormant  or  dies  back  to  at  most  a  Creek  Visitor  Center  where  power  was 

few  basal  leaves  during  the  winter.    A.  available.   The  soils,  the  general  vegeta- 

hymenelytra  is  a  woody  perennial  occu-  tion,  and  the  growth  habit  of  the  Atriplex 

pying  dry  rocky  slopes  and  washes.  It  is  plants  at  the  two  sites  were  similar,  so 

evergreen,  but  most  of  its  active  growth  the  results  should  be  applicable  to  both, 

takes  place  in  the  late  winter  and  spring.  Methods.     Field    measurements    were 

The  floor  of  Death  Valley  is  excellently  made  with  the  air-conditioned  mobile 
suited  as  a  site  for  studies  of  adaptation  laboratory  unit  of  the  Department  of 
to  high  temperature  and  water  stress  be-  Biological  Sciences,  Stanford  University, 
cause  it  is  one  of  the  hottest  and  most  This  consists  of  a  Dodge  mobile  home 
arid  habitats  in  the  world.  Long-time  modified  to  carry  the  necessary  instru- 
weather  records  (Hunt  et  al.,  1963,  mentation,  and  a  5-kw  generator  mounted 
U.S.W.B.,  1963)  show  that  precipitation  on  a  trailer  to  supply  electric  power.  The 
averages  42  mm  a  year,  of  which  75%  above-ground  parts  of  an  intact  plant 
falls  between  November  and  April.  Dur-  in  situ  were  enclosed  in  a  ventilated, 
ing  the  period  of  most  active  growth  of  controlled-temperature  plant  chamber 
T.  oblongifolia,  May  through  September,  with  a  transparent  top  and  the  chamber 
air  temperatures  are  very  high;  50°C  or  sealed  around  the  basal  part  of  the  stem, 
higher  are  not  uncommon.  The  long-time  Air  was  pumped  through  the  chamber  to 
average  daily  maximum  temperature  at  the  mobile  laboratory  where  C02  ex- 
the  U.S.  Weather  Bureau  Station  at  change  was  determined  with  an  infrared 
Furnace  Creek  for  the  hottest  month,  C02  analyzer  and  water  vapor  exchange 
July,  is  47  °C  and  the  average  daily  mean  with  a  dew  point  hygrometer.  Light  and 
temperature,  39° C.  Short-term  measure-  temperature  sensors,  located  both  inside 
ments  show  that  temperatures  at  other  and  outside  the  chamber,  were  connected 
localities,  such  as  Badwater,  are  at  least  via  long  leads  to  the  appropriate  record- 
as  high  or  higher  than  those  at  Furnace  ers  and  controlling  circuits.  Further  de- 
Creek.  Ground  surface  temperatures  can  tails  of  the  laboratory,  the  plant  chamber, 
exceed  air  temperatures  by  as  much  as  and  the  measuring  and  controlling  sys- 
25 °C.  During  the  period  of  most  active  tern  are  described  by  Mooney  et  al. 
growth  of  A.  hymenelytra,  January  to  (1971). 

April,  mean  daily  maximum  temperatures  For  determinations  of  the  daily  course 

are  much   lower,   ranging   from  23°    to  of  C02  and  water  vapor  exchange,  leaf 

35  °C.  temperature  was   controlled   as   follows. 

Field  measurements  on  T.  oblongifolia  Thermocouples    were    attached    to    the 

were  made  during  the  summer,  and  dur-  lower  leaf  surfaces  of  the  enclosed  plant 

ing  the  spring  and  summer  on  A.  hymen-  and  also  to  those  of  a  similar  plant  out- 

elytra.    The    experimental   site    for   the  side  the  chamber.  The  voltages  generated 

summer  measurements  was  located  near  by  the  thermocouples  inside  and  outside 

the  base  of  a  short  alluvial  gravel  fan  1.6  the  chamber  were  continuously  recorded 

km  south  of  Furnace  Creek  and  just  to  and    automatically    compared,    and   the 

the  east  of  the  road  to  Badwater.    The  temperature  of  the  plant  chamber  was 

vegetation  in  this  area  is  characterized  by  adjusted  so  that  the  leaf  temperature  in- 

three  perennial  species,  A.  hymenelytra,  side  the  chamber  corresponded  to  that  of 

T.  oblongifolia,  and  Euphorbia  sp.,  which  the  outside  leaf.  The  system  controlled  the 

occur  predominantly  in  the  small  washes  leaf  temperature  inside  the  chamber  to 

crossing  the  fan  at  densities  of  less  than  within  1°C  but  did  not  follow  rapid  fluc- 

120  per  hectare.   Because  of  a  generator  tuations.    Since  the   dew  points  of  the 

failure,  the  spring  measurements  on  A.  ambient  air  were  very  low  and  transpira- 
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tion  rates  were  high,  no  attempt  was  made 
to  control  humidity  of  the  air  at  ambient 
levels.  However,  the  chamber  humidity 
remained  sufficiently  low  so  that  the  vapor 
pressure  gradient  from  the  leaf  to  the  air 
was  always  greater  than  80%  of  that 
outside. 

The  temperature  dependence  of  photo- 
synthesis was  determined  when  irradiance 
was  high  and  essentially  constant.  The 
leaf  temperature  was  decreased  in  steps 
by  manually  adjusting  the  chamber  tem- 
perature controller.  For  measurements  of 
the  light  dependence  of  photosynthesis, 
light  intensity  was  decreased  in  steps  by 
covering  the  chamber  with  large  neutral 
density  screens.  Leaf  temperature  was 
held  constant  at  the  different  light  inten- 
sities by  manual  adjustment  of  the  plant 
chamber  temperature. 

Xylem  sap  pressures  of  twigs  of  several 
individual  plants  growing  close  to  the 
plants  used  in  the  photosynthesis  meas- 
urements were  determined  with  the  Scho- 
lander  pressure  chamber  technique  (Scho- 
lander  et  al.,  1965). 

Field  measurements  on  Tidestromia 
oblongifolia.  Figure  47  shows  the  daily 
course  of  photosynthesis  for  T.  oblongi- 
folia on  July  1,  a  bright  clear  day  with 
irradiances  and  temperatures  representa- 
tive of  this  time  of  the  year.  The  rate  of 
C02  uptake  closely  followed  the  irradi- 
ance throughout  the  day,  with  the  maxi- 
mum rate  occurring  in  the  period  when 
irradiance  was  at  a  maximum.  Leaf 
temperatures  exceeded  40°  for  nearly 
the  entire  light  period  and  exceeded  45  °C 
between  11  and  17  hours,  when  rates  of 
C02  uptake  were  highest.  The  maximum 
leaf  temperature  during  the  day  was 
49.5 °C.  Outside  air  temperatures  were 
2°  to  3°C  lower  than  the  leaf  tempera- 
tures. The  maximum  rate  of  photosyn- 
thesis during  the  day  was  22  fxmole  dm"2 
leaf  area  min-1,  or  58  mg  C02  dm-2  hr"1 
at  47°C.  This  is  an  unusually  high  rate  of 
photosynthesis,  particularly  when  one 
considers  that  this  value  represents  the 
average  of  all  leaves  on  the  plant;  maxi- 


mum rates  of  individual  leaves  can  be 
expected  to  be  appreciably  higher.  The 
sum  of  the  resistances  of  the  leaf  bound- 
ary layer  and  the  stomata  to  water  vapor 
transfer  between  the  leaf  and  the  air  (Rw) 
started  to  decrease  at  sunrise,  indicating 
that  the  stomata  were  opening,  and 
reached  its  minimum  value  during  the 
period  of  maximum  photosynthesis.  De- 
terminations of  Rw  were  not  possible  dur- 
ing the  middle  of  the  day  in  this  experi- 
ment because  of  equipment  failure; 
however,  minimum  resistances  measured 
on  subsequent  days  under  similar  condi- 
tions were  as  low  as  2  sec  cm-1.  At  an 
ambient  dew  point  of  3°C  and  a  leaf 
temperature  of  48  °C  this  resistance  value 
corresponds  to  a  transpiration  rate  of 
0.21  g  water  dm-2  min-1.  It  seems  unlikely 
that  such  high  transpiration  rates  could 
be  sustained  for  an  extended  period  with- 
out loss  of  turgor  if  the  plant  were  under 
severe  water  stress. 

As  shown  in  Fig.  48,  xylem  sap  pressure 
ranged  from  a  minimum  negative  pres- 
sure of  — 10  bars  in  the  morning  to  a 
maximum  of  — 25  bars  in  the  mid-after- 
noon, when  transpiration  rates  reached 
their  maximum  values.  These  results 
clearly  indicate  that  these  T.  oblongifolia 
plants  were  not  under  severe  water  stress. 
Soil  moisture  determinations  revealed 
that  although  the  top  20  cm  of  soil  was 
almost  completely  dry,  the  water  content 
at  depths  of  25  to  40  cm  was  8  to  10% 
wt/wt  (less  than  2  mm  fraction).  Evi- 
dently, the  root  system  was  capable  of 
taking  up  available  water  at  sufficiently 
high  rates  to  sustain  a  rapid  transpiration 
at  moderate  sap  pressures. 

The  curve  for  photosynthesis  as  a  func- 
tion of  temperature  (Fig.  49)  shows  that 
at  the  highest  level  of  irradiance,  maxi- 
mum photosynthetic  rate  was  reached  at 
about  47 °C,  and  the  rate  was  sharply 
reduced  when  the  temperature  was 
lowered  to  below  44°C.  At  20°C,  a  tem- 
perature sufficiently  high  for  maximum 
photosynthetic  rates  in  many  species 
from  temperate   environments,  the  rate 
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Fig.  48.  Diurnal  course  of  xylem  sap  pressure  of  Tidestromia  oblongijolia.   The  determinations 
were  made  from  July  1  to  5,  1970.  Each  point  represents  the  mean  of  3  to  5  measurements. 


in  T.  oblongijolia  was  only  about  one  third 
of  its  maximum  value.  As  can  be  ex- 
pected, the  temperature  required  for 
maximum   photosynthetic  rate   becomes 
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Fig.  49.  Dependence  of  photosynthetic  C02 
uptake  on  leaf  temperature  in  Tidestromia 
oblongijolia  at  two  levels  of  irradiance. 


lower  when  the  light  intensity  is  reduced 
to  a  lower  level.  We  have  found  no  re- 
ports of  an  optimum  temperature  for 
photosynthesis  of  a  terrestrial  plant  ex- 
ceeding that  of  T.  oblongijolia.  Optimum 
temperatures  for  photosynthesis  exceed- 
ing 47 °C  have  only  been  reported  for 
thermophilic  blue-green  algae  occurring 
in  hot  springs  (Brock,  1967). 

As  shown  in  Fig.  50,  the  photosynthetic 
rate  was  a  linear  function  of  light  inten- 
sity up  to  the  highest  intensity  received 
by  the  plant  enclosed  in  the  plant  cham- 
ber. This  was  equal  to  85%  of  the  light 
energy  flux  incident  upon  the  plant  cham- 
ber at  noon.  An  essentially  linear  rela- 
tionship between  photosynthesis  and 
irradiance  up  to  the  highest  level  received 
by  the  plant  inside  the  leaf  chamber  (1.3 
cal  cm"2  min"1)  was  also  obtained  on 
another  day  when  light  intensity  was 
variable  because  of  intermittent  cloudi- 
ness. The  decrease  in  photosynthetic  rate 
that  resulted  when  light  intensity  de- 
creased was  not  attributable  to  an  in- 
creased stomatal  resistance  to  CO2  dif- 
fusion. Lack  of  light  saturation  of 
photosynthesis   at  irradiance  values   as 
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Fig.  50.  Dependence  of  photosynthetic  C02 
uptake  on  light  intensity  in  Tidestromia  ob- 
longifolia at  47.5°C  leaf  temperature.  Irradiance 
values  are  for  solar  radiation  in  the  wavelength 
range  0.3-3.0  microns,  incident  on  a  horizontal 
plane  inside  the  plant  chamber. 


high  as  1.4  cal  cm"2  min"1  has  been  re- 
ported previously  for  several  species 
which,  like  T.  oblongifolia,  possess  the 
C4  dicarboxylic  acid  pathway  of  photo- 
synthesis (Year  Book  69,  p.  641) ,  but  the 
light  dependence  obtained  with  T.  ob- 
longifolia is  extreme.  It  is  likely  that 
the  lack  of  even  a  partial  light  saturation 
may  be  attributed  to  the  relatively  high 
reflectance  of  the  tomentose  leaf  surfaces 
and  also  to  some  extent  to  mutual  shading 
among  the  leaves.  The  high  temperature 
used  in  these  experiments  may  also  have 
resulted  in  a  decreased  steepness  of  the 
slope  at  low  light  intensities ;  while  it  was 
close  to  optimum  at  high  light  intensities, 
it  may  well  be  above  optimum  at  low 
intensities.  There  is,  nevertheless,  little 
doubt  that  in  spite  of  the  high  irradiances 
prevailing  in  Death  Valley,  light  was  the 
external  factor  that  primarily  limited 
photosynthesis  in  T.  oblongifolia. 
Field  measurements  on  A  triplex  hymen- 


elytra.  Figure  51A  shows  the  course  of 
photosynthesis,  leaf  resistance  to  water 
vapor  diffusion,  leaf  temperature,  and 
solar  radiation  for  the  period  from  dawn 
until  noon  on  July  3,  1970.  Measure- 
ments of  photosynthesis  and  leaf  resist- 
ance were  not  made  during  the  afternoon. 
Leaf  temperatures  during  the  morning 
rose  sharply  as  soon  as  the  plant  was  ex- 
posed to  direct  sunlight  and  ranged  from 
40°  to  50°C  for  most  of  this  period.  Leaf 
temperatures  exceeded  50  °C  for  at  least 
several  hours  in  the  afternoon.  The 
photosynthetic  rate  reached  a  maximum 
of  about  2.6  /miole  dm"2  min"1,  which  is 
much  lower  than  that  obtained  with  T. 
oblongifolia.  Furthermore,  the  photo- 
synthetic rate  did  not  increase  with  in- 
creasing irradiance  after  about  8:00 
hours,  when  irradiance  reached  0.6  cal 
cm"2  min-1  (about  45%  of  full  sunlight), 
indicating  that  light  was  saturating. 
Variations  in  irradiance  due  to  inter- 
mittent cloudiness  also  had  no  effect  on 
photosynthetic  rate,  unless  irradiance 
decreased  to  values  below  0.6  cal  cm"2 
min"1.  Leaf  resistances  to  water  vapor 
diffusion  started  to  decrease  at  sunrise, 
but  remained  relatively  high  during  the 
entire  morning.  Minimum  resistances 
were  as  high  as  11  sec  cm"1,  indicating 
that  stomata  were  partially  closed.  Be- 
cause of  the  high  leaf  temperatures  and 
low  humidity,  transpiration  rates  were 
nevertheless  substantial.  The  transpira- 
tion rate,  calculated  for  a  leaf  resistance 
of  11  sec  cm"1,  a  leaf  temperature  of  50°C 
and  an  ambient  dew  point  of  3°C,  would 
be  .038  g  dm"2  min"1. 

The  diurnal  course  of  photosynthesis 
was  also  determined  during  the  spring. 
Figure  51B  shows  the  results  from  March 
14.  Photosynthetic  rate  increased  dur- 
ing the  morning  hours  and  reached  a 
maximum  of  8.1  /miole  dm"2  min"1  at 
about  10:00  hours;  the  rate  was  7.0  to 
7.5  /miole  dm"2  min"1  for  nearly  the  entire 
time  during  which  the  plant  was  exposed 
to  direct  sunlight.  Leaf  resistance  to 
water  vapor  diffusion  decreased  during 
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the  morning  hours  and  remained  between 
4  and  5  sec  cm-1  during  the  period  of  high 
photosynthetic  rates.  At  16  hours  (about 
50  minutes  prior  to  sunset)  a  shadow  fell 
over  the  plant,  resulting  in  a  rapid  in- 
crease in  leaf  resistance  and  a  decrease  in 
photosynthetic  rate.  Leaf  temperatures 
increased  from  a  low  of  10  °C  before  sun- 
rise to  a  maximum  of  36 °C  in  the  after- 
noon. Leaf  temperatures  during  the 
period  of  high  photosynthetic  rates  were 
generally  between  32°  and  36°C. 

Xylem  sap  pressure  in  A.  hymenelytra 
differed  greatly  during  the  spring  and 
summer.  Figure  52  shows  that  maximum 
negative  pressures  were  about  — 45  bars 
on  July  1-4,  1970,  and  about  —20  bars 
on  March  10-13,  1971.  These  results,  to- 
gether with  the  data  on  leaf  resistances, 
show  that  the  plants  were  under  consid- 
erably less  water  stress  in  the  spring  than 
the  summer. 

Direct  determinations  of  the  tempera- 
ture dependence  of  photosynthesis  were 
made  during  spring  only.  Figure  53  shows 


50 


40 


o 


30 


X 


20 


10 


July   1-4.1970 


March  10-12,1970 


9  12  15 

True   solar  time.hrs 


Fig.  52.  Diurnal  course  of  xylem  sap  pressure 
of  Atriplex  hymenelytra  during  the  periods  of 
July  1  to  4,  1970,  and  March  11  to  13,  1971. 
Each  point  represents  the  mean  of  3  to  5 
measurements. 
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Fig.  53.  Dependence  of  photosynthetic  C02 
uptake  on  leaf  temperature  in  Atriplex  hymen- 
elytra. 


that  photosynthesis  increased  strongly 
with  increasing  temperature  up  to  20  °C 
but  was  nearly  independent  of  tempera- 
ture from  20°  to  35 °C.  The  low  tempera- 
ture dependence  in  this  range  indicates 
that  photosynthesis  was  not  limited  by 
biochemical  processes  alone;  the  rela- 
tively high  leaf  resistances  suggest  that 
it  was  primarily  limited  by  the  rate  of 
C02  diffusion. 

Determinations  of  the  light  intensity 
dependence  of  photosynthesis,  using  a 
procedure  similar  to  that  used  for  T.  ob- 
longifolia  were  not  completely  successful. 
A  reduction  in  light  intensity  from  100% 
to  80%  of  the  intensity  at  noon  did  not 
result  in  any  immediate  change  in  the 
rates  of  C02  and  water  vapor  exchange, 
but  was  followed  after  several  minutes  by 
a  gradual  increase  in  leaf  resistance  and  a 
decrease  in  the  rate  of  C02  uptake.  A 
reduction  of  50%  in  the  light  intensity 
caused  an  immediate  reduction  in  C02 
uptake  followed  by  an  increase  in  leaf 
resistance  from  4  to  9  sec  cm"1  over  a 
period  of  10  minutes  and  subsequently  by 
a  slow,  gradual  increase  in  leaf  resistance 
and  decrease  in  C02  uptake  rate.  A  re- 
turn to  full  sunlight  intensity  resulted  in 
a  decrease  in  leaf  resistances  and  an  in- 
crease in  rates  of  C02  uptake  to  the 
original  values.  These  results  suggest  that 
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stomatal  resistance  was  regulated  by- 
light  intensity  so  that  C02  diffusion  re- 
mained rate  limiting  even  at  a  lowered 
light  intensity. 

Growth  under  controlled  temperature 
regimes.  Comparative  growth  experi- 
ments under  different  temperature  re- 
gimes in  the  growth  cabinets  were  carried 
out  with  seedlings  of  Tidestromia  oblongi- 
folia.  Water  supply  was  ample.  Light 
of  an  intensity  of  1.5  X  105  erg  cm"2  sec-1 
(400-700  nra)  for  16  hours  per  day  was 
provided  by  fluorescent  lamps.  Table  26 
gives  the  increase  in  dry  weight  during 
a  period  of  28  days,  under  three  different 
temperature  regimes.  At  20°  day/10°C 
night,  a  temperature  regime  close  to  opti- 
mum for  most  C3  species  from  temperate 
regions,  T.  oblongifolia  was  capable  of 
very  little  growth,  but  growth  was  very 
rapid  at  30°  day/20°C  night  and  at  40° 
day/30°C  night.  Interestingly,  it  was 
most  rapid  under  40°  day/30°C  night  in 
spite  of  the  fact  that  the  light  intensity 
used  strongly  limited  photosynthesis.  It 
can  therefore  be  expected  that  the  opti- 
mum day  temperature  for  growth  would 
exceed  40  °C  at  light  intensities  compara- 
ble to  those  prevailing  in  the  natural 
habitat. 

Preliminary  growth  experiments  in  a 
newly  designed  dome-shaped  growth 
chamber  under  natural  sunlight  suggest 
that  a  temperature  regime  similar  to  that 
experienced  by  the  plants  in  their  Death 


TABLE  26.    Effect  of  Temperature  on  Dry 

Matter  Production  in  Tidestromia 

oblongifolia 

Temperature  Regime,  °C 

Day/Night  Gain  in  Dry  Weight,  g 


20V10' 
30V20' 
40° /30' 


0.43 
3.79 
4.01 


Seedlings  were  established  at  30°  day/20°C 
night  prior  to  their  transfer  to  the  different  tem- 
perature regimes.  Light  intensity  (16  hours  per 
day)  was  1.5  X  105  erg  cm"2  sec"1  (400-700  nm). 
The  plants  were  grown  in  perlite  with  ample 
nutrient  solution  added  daily. 


Valley  habitat  during  the  summer  may 
indeed  be  close  to  optimum  for  growth. 
In  any  case,  the  optimum  temperature  for 
growth  in  T.  oblongifolia  is  much  higher 
than  those  reported  for  any  other  higher 
plant  species.  The  responses  of  growth 
to  temperature  in  T.  oblongifolia,  are  also 
consistent  with  the  responses  of  photo- 
synthesis determined  in  the  natural 
habitat. 

Preliminary  growth  experiments  with 
Atriplex  hymenelytra  in  the  growth  cabi- 
nets indicate  that  a  temperature  regime 
of  40°  day/30°C  night  is  too  high  for 
maximum  growth  in  this  species.  Growth 
was  considerably  faster  under  25°  day/ 
20  °C  night.  At  day  temperatures  above 
30 °C,  growth  was  much  slower  than  in 
Tidestromia  oblongifolia.  These  results 
are  consistent  with  the  photosynthetic 
performance  of  the  two  species. 

Discussion.  Results  of  the  determina- 
tions of  the  diurnal  course  of  photosyn- 
thesis show  that  both  T.  oblongifolia  and 
A.  hymenelytra  have  the  highest  rates  of 
COo  uptake  and  the  lowest  stomatal  re- 
sistances during  the  middle  of  the  day 
when  leaf  temperatures  and  irradiances 
are  greatest.  Neither  species  exhibited 
the  midday  depression  of  photosynthetic 
rates  observed  in  other  field  studies  in 
arid  habitats  (Strain,  1969,  1970;  Lange 
et  al,  1969;  Mooney  and  Dunn,  1970). 

Table  27  summarizes  some  of  the  field 
data  obtained  with  the  two  species.  Tide- 
stromia oblongifolia  is  capable  of  ex- 
tremely high  rates  of  C02  uptake.  The 
rates  measured  during  July  are  eight 
times  higher  than  those  for  A.  hymenely- 
tra in  March.  They  are  also  far  greater 
than  previously  published  rates  for  species 
of  the  Negev  Desert  in  Israel  (Lange 
et  al.,  1969)  and  the  Mohave  Desert  in 
California  (Strain,  1969)  and  are  similar 
to  the  maximum  rates  reported  for  the 
highly  productive  crop  species  corn  and 
sugar  cane  when  these  were  grown  under 
highly  favorable  conditions. 

Determinations  of  the  temperature  de- 
pendence of  C02  uptake   (Figs.  49  and 
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TABLE  27.   Some  Characteristics  of  Tidestromia  oblongifolia  and 
Atriplex  hymenelytra  in  Death  Valley 


Maximum  photosynthetic  rate,  mg  C02  dm"2  hr_1 

Maximum  transpiration  rate,*  g  H20  dm"2  min"1 

Water  use  efficiency,*  mg  C02/g  H20 

Minimum  leaf  resistance  (for  water  vapor),  sec  cm"1 

Xylem  sap  pressure  ,t  bars 

Temperature  optimum  for  photosynthesis,  °C 


Tidestromia 

Atriplex 

oblongifolia 

hymenelytra 

July 

July 

March 

58 

6.6 

19.8 

.21 

.038 

.05 

4.6 

2.9 

6.6 

2 

11 

4 

-25 

-45 

-20 

47 

28-33 

At  a  leaf  temperature  of  48°C  in  July  and  35°C  in  March;  ambient  dew  point  3°C. 
Technique  of  Scholander  et  al.,  1965. 


53)  show  that  at  low  temperature,  where 
the  capacity  of  the  biochemical  steps 
would  be  primarily  limiting  in  both 
species,  the  rates  of  C02  uptake  are  sim- 
ilar. In  T.  oblongifolia  the  leaf  resistance 
to  diffusion  is  low  and  photosynthesis  in- 
creases strongly  with  temperature,  sug- 
gesting that  the  biochemical  capacity 
limits  the  rate  of  photosynthesis  even  to 
temperatures  of  40 °C.  The  rather  high 
leaf  resistances  to  water  vapor  release 
measured  for  Atriplex  hymenelytra  sug- 
gest strongly  that  the  relatively  low  rates 
of  C02  uptake  and  small  temperature 
dependence  at  temperatures  of  25  to 
30 °C  are  probably  due  primarily  to  dif- 
fusion limitation.  Differences  in  the 
capacities  of  the  biochemical  steps  in  the 
two  species  at  high  temperatures  cannot, 
however,  be  excluded. 

Rate  of  C02  uptake  for  A.  hymenely- 
tra were  much  lower  in  July  than  in 
March.  This  can  be  attributed  largely  to 
the  greater  water  stress  in  July  and  the 
resulting  higher  leaf  resistance  to  gas 
diffusion.  Stark  (1970)  found  that  xylem 
sap  pressure  in  A.  hymenelytra  decreased 
greatly  following  a  summer  rain,  which  is 
likely  to  result  in  decreased  leaf  resist- 
ance to  gas  diffusion  and  therefore  in  an 
increased  rate  of  C02  uptake,  provided 
the  capacities  of  the  biochemical  steps  of 
photosynthesis  are  sufficiently  high. 

It  is  apparent  that  both  species  are 


capable  of  maintaining  a  net  positive 
carbon  balance  under  the  very  high  tem- 
peratures prevailing  during  the  summer. 
For  T.  oblongifolia  the  very  high  rates 
of  C02  uptake  at  high  temperatures  are 
consistent  with  the  high  temperature  opti- 
mum for  growth  under  controlled  condi- 
tions and  the  fact  that  growth  in  the 
native  habitat  takes  place  primarily  dur- 
ing the  summer.  The  results  indicate  that 
this  performance  is  made  possible  by  the 
presence  of  a  highly  efficient  C02  uptake 
mechanism  and  an  unusually  high 
thermal  stability  of  the  photosynthetic 
apparatus.  The  high  rates  of  C02  uptake, 
in  combination  with  the  moderate  sto- 
matal  resistance,  result  in  water-use 
efficiencies  which  are  high,  considering  the 
high  temperatures  and  low  ambient 
humidity.  Such  characteristics  must,  of 
course,  have  great  adaptive  advantage 
for  a  summer-active  desert  species. 

Maximum  rates  of  C02  uptake  are 
much  lower  in  A.  hymenelytra  than  in 
T.  oblongifolia.  The  much  longer  sea- 
sonal activity  of  the  former  species  may, 
however,  permit  a  relatively  high  annual 
productivity.  Maximum  photosynthesis 
and  growth  in  A.  hymenelytra  occur  dur- 
ing the  spring,  when  potential  transpira- 
tion is  lower  and  water-use  efficiency 
consequently  higher  than  during  the  sum- 
mer. The  greater  stomatal  resistance  to 
gas  diffusion  and  the  close  regulation  of 
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stomatal  aperture  by  light  intensity  in 
A.  hymenelytra  also  results  in  a  higher 
water-use  efficiency,  but,  of  course,  at 
the  expense  of  a  high  photosynthetic  rate. 
For  an  evergreen  desert  species,  these 
mechanisms  allowing  very  high  water-use 
efficiency  must  be  of  considerable  adap- 
tive advantage. 

The  results  obtained  with  these  two 
species  are  consistent  with  the  view  that 
the  C4  pathway  represents  an  adaptation 
to  hot,  arid  habitats.  There  is  strong 
evidence  that  the  C4  pathway  serves,  in 
effect,  as  a  mechanism  for  concentrating 
C02  at  the  carboxylation  step  in  the 
Calvin-Benson  cycle  (see  p.  525;  this 
Year  Book) ,  thus  permitting  higher  rates 
of  photosynthesis  at  low  C02  concentra- 
tions in  the  intercellular  spaces.  Prob- 
ably as  a  result  of  this  mechanism,  the 
inhibitory  effect  of  atmospheric  oxygen 
concentrations  on  net  photosynthesis, 
present  in  species  lacking  the  C4  pathway, 
is  absent  in  plants  possessing  this  path- 
way. The  absence  of  this  inhibition 
would  be  particularly  advantageous  at 
high  temperatures  since  it  increases  with 
increasing  temperature.  Thus  high  rates 
of  photosynthesis  can  be  achieved  at  the 
very  high  temperatures  prevailing  during 
the  summer  in  Death  Valley.  Because  of 
the  very  high  efficiency  of  utilizing  C02 
in  the  intercellular  spaces,  the  C4  path- 
way endows  the  plant  with  a  high  poten- 
tial water-use  efficiency. 

It  is  noteworthy  that  outside  the 
phreatophytic  zones  the  evergreen  and 
summer-active  vegetation  on  the  Death 
Valley  floor  is  composed  almost  entirely 
of  species  with  the  C4  pathway  of  photo- 
synthesis, Larrea  tridentata  being  a  nota- 
ble exception.  It  is  also  noteworthy  that 
succulent  species  with  crassulacean  acid 
metabolism  (CAM)  are  not  present  on 
the  Death  Valley  floor.  This  pathway  is, 
in  many  respects,  similar  to  the  C4  path- 
way and  is  also  considered  to  represent 
an  adaptation  to  hot,  arid  environments ; 
species  possessing  it  do  occur  at  high  ele- 
vations in  Death  Valley  and   are  very 


common  in  many  other  deserts,  such  as 
the  adjacent  Colorado  and  Sonoran  des- 
erts, and  particularly  in  the  coastal  desert 
areas  of  Baja  California. 

In  these  CAM  plants  high  water-use 
efficiency  is  presumably  achieved  because 
C02  fixation  from  the  external  atmos- 
phere takes  place  during  the  night  when 
the  temperature  is  lower  and  the  relative 
humidity  higher  than  during  the  day. 
The  stomata  can  thus  be  closed  during 
the  hot  day  and  the  loss  of  water  through 
transpiration  is  consequently  reduced.  In 
contrast  to  most  other  desert  habitats, 
the  Death  Valley  floor  during  the  sum- 
mer is  characterized  by  high  temperature 
and  low  humidity  even  at  night.  This 
may  be  the  primary  reason  why  species 
with  CAM  are  absent  and  the  vegetation 
in  the  hot,  xeric  locations  is  composed 
predominantly  of  species  with  the  C4 
pathway  of  photosynthesis. 
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Effect  of  Nitrogen  Supply  and  Light 

Intensity  during  Growth  on  the 

Photosynthetic  Capacity  and 

Carboxydismutase    Activity 

of  Leaves  of  Atriplex  patula 

ssp.  hastata 

Ernesto  Medina 

As  reported  last  year  (Year  Book  69, 
p.  655),  plants  of  Atriplex  patula  ssp. 
hastata  grown  in  nutrient  solutions  of 
low  nitrate  concentrations  under  high 
light  intensity  are  characterized  by  a  low 
rate  of  photosynthetic  C02  uptake  com- 
pared with  plants  grown  in  complete 
nutrient  solution ;  this  reduction  in  photo- 
synthesis was  apparently  caused  primar- 
ily by  a  decreased  level  of  carboxydismu- 
tase. 

In  order  to  investigate  the  interaction 
of  the  effects  of  nitrogen  supply  and  light 
intensity  during  growth,  plants  of  A. 
patula  ssp.  hastata  were  grown  as  de- 
scribed previously  with  100%  (33  mM 
N03")  and  3%  (1  mM  N03")  nutrient 
solutions  in  growth  cabinets  under  high 
(1  X  105  erg  cm"2  sec"1)  and  low  (0.35 
X  105  erg  cm"2  sec"1)  light  intensity. 
Other  conditions  were:  16  hours  light  at 
25°  alternating  with  8  hours  darkness  at 
20 °C.  The  treatments  are  indicated  in 
the  accompanying  figures  and  tables  as 
follows: 

"100%"  N<V,  high  light 

intensity 100  HL 

"3%"N(V,  high  light  in- 
tensity           3  HL 

"100%"  N03",  low  light 

intensity 100  LL 

"3%"N(V,  low  light  in- 
tensity           3  LL 

The  present  studies  include  compara- 
tive measurements  of  photosynthesis  of 
intact  leaves  and  carboxydismutase  ac- 
tivity in  extracts  of  the  same  leaves.  In 
addition,  the  fraction  1  protein  and  starch 
content  of  some  leaves  were  also  meas- 
ured and  some  were  examined  by  electron 
microscopy.     Growth    was    considerably 


slower  under  low  than  under  high  light 
intensity.  Low-light  plants  used  for  the 
comparative  measurements  were  there- 
fore one  to  two  weeks  older  than  the  high- 
light plants  at  the  start  of  the  differential 
treatments. 

Interactions  between  the  effects  of  light 
intensity  and  nitrate  supply  during 
growth  on  photosynthetic  rate  and  car- 
boxydismutase activity.  Figures  54  and 
55  give  the  rates  of  photosynthetic  C02 
uptake  as  a  function  of  light  intensity  for 
plants  grown  for  10  days  under  the  dif- 
ferent treatments,  measured  in  1.5%  02 
and  21%  02.  Under  1.5%  02  the  inhibi- 
tory effect  of  02  on  net  C02  uptake, 
"photorespiration,"  is  absent  and  the 
photosynthetic  rates  of  all  treatments 
were  consequently  higher  than  in  air. 
There  was  no  differential  effect  of  the 
treatments  on  this  enhancement.  Clearly, 
the  leaves  which  developed  under  high 
light  intensity-high  nitrate  had  the  high- 
est rates  of  photosynthesis.  As  reported 
last  year,  leaves  which  developed  under 
high  light  intensity-low  nitrate  had  re- 
duced rates  of  photosynthesis.  Leaves 
which  developed  under  the  low  light  in- 
tensity treatments  also  had  lower  rates 
of  photosynthesis,  and  under  these  con- 
ditions there  was  very  little  difference 
between  the  high  and  low  nitrate  treat- 
ments. Apparently,  less  nitrate  is  re- 
quired by  leaves  developing  under  low 
light  intensity  than  is  required  under  high 
light  intensity.  As  expected,  light  satur- 
ation of  photosynthesis  occurred  at 
lower  light  intensity  in  leaves  which  de- 
veloped in  low  light  than  in  leaves  which 
developed  in  high  light.  There  was  no 
apparent  effect  of  the  nitrogen  treatments 
on  this  phenomenon. 

Carboxydismutase  activity  measured 
in  extracts  of  the  same  leaves  as  were 
used  for  the  photosynthesis  measurement 
is  shown  in  Table  28.  The  decrease  in 
photosynthetic  rate  at  saturating  light 
intensity  caused  by  the  treatments  was 
correlated  with  a  similar  reduction  in 
carboxydismutase  activity.  The  leaves 
grown  in  high  light-high  nitrate  had  more 
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Fig.  54.  Photosynthetic  C02  uptake  as  a  function  of  light  intensity  under  21%  02  and  350  ppm 
C02  in  A.  patula  ssp.  hastata  grown  under  different  light  intensities  and  nitrate  supplies.  High 
light  (HL),  1  X  105  erg  cm"2  sec"1;  low  light  (LL),  0.35  X  105  erg  cm"2  sec"1.  Nitrate  supply,  33 
ml  ("100%")  and  1  ml  ("3%").  Leaf  temperature  was  27°C.  Measurements  were  made  in  an 
open  system  similar  to  those  described  by  Bjorkman  and  Gauhl  (1970). 

than  twice  the  carboxydismutase  activity  enzyme  activity  is  expressed  on  the  basis 

of  the  other  leaves,  regardless  of  whether  of  unit  leaf  area,  the  leaves  grown  with 

the  activity  is  expressed  on  the  basis  of  low  nitrate-high  light  had  a  significantly 

fresh  weight,  leaf  area,  or  protein.  When  higher  activity  than  the  leaves  grown  at 


TABLE  28.   Carboxydismutase  Activity  in  Leaves  of  A  triplex  patula 
ssp.  hastata*  (jumole  C02/min) 


Treatment 


Per  g  Fresh  Weight  Per  mg  Protein  Per  dm2  Leaf  Area 


100  HL 

12.5 

0.79 

32.7 

3  HL 

4.5 

0.34 

12.2 

100  LL 

5.9 

0.34 

8.7 

3  LL 

5.0 

0.31 

9.5 

*  Extracts  of  the  same  leaves  used  in  the  experiments  presented  in 
Figs.  54  and  55. 

HL  plants:  5th  leaf  pair,  40  days  old;  8  days  under  the  different 
treatments. 

LL  plants:  5th  leaf  pair,  52  days  old;  10  days  under  the  different 
treatments. 
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Fig.  55.    Photosynthetic  C02  uptake  as  a  function  of  light  intensity  under  1.5%  02  and  350  ppm 
C02  in  A.  patula  ssp.  hastata  grown  under  different  light  intensities  and  nitrate  supplies. 


low  light.  This  corresponds  to  the  differ- 
ences in  light-saturated  photosynthetic 
rate.  The  enzyme  activity  expressed  in 
terms  of  soluble  protein  was,  however, 
very  similar  in  the  leaves  grown  under 
these  treatments.  This  is  related  to  the 
fact  that  the  leaves  grown  under  low 
light  were  considerably  thinner  than 
those  grown  under  high  light;  a  fully 
mature  leaf  grown  under  high  light  was, 
on  the  average,  198  /x  thick  with  2  to  3 
palisade  cell  layers,  whereas  a  mature 
leaf  grown  under  low  light  was   about 


135  /x  thick  with  only  one  layer  of  pali- 
sade cells. 

In  order  to  examine  in  more  detail  the 
relationship  between  the  effects  of  the 
treatments  upon  photosynthesis  and  the 
corresponding  effects  of  the  treatments 
upon  the  level  of  carboxydismutase  activ- 
ity, determinations  were  made  of  the  ac- 
tivity of  this  enzyme  and  of  the  rate  of 
light-saturated  photosynthesis  values  for 
the  sum  of  leaf  boundary  and  stomatal  re- 
sistances (Rwf)  and  "mesophyll"  resis- 
tance (Rm) .    (See  Year  Book  69,  p.  246) . 
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TABLE  29.   Resistances  to  C02  Uptake,  Light-Saturated  Rates  of  Photosynthesis,  and 
Carboxydismutase  Activity  in  Leaves  of  Atriplex  patula  ssp.  hastata 


-ft    W 

cm-1  sec 

Rm 

cm-1  sec 

Photosynthetic 

Rate  * jumole  C02 

dm-2  min"1 

Carboxydismutase 

Activity,  ^mole 

C02  min"1 

per  dm2 
leaf  area 

per  g  fresh 
weight 

Treatment 

21%  02  1.5%  02 

21%  02  1.5%  02 

21%  02  1.5%  02 

100  HL 
3  HL 

100  LL 
3  LL 

1.66        1.66 
1.43        1.77 
3.21        2.87 
2.87        2.82 

5.24          2.70 

9.27          5.71 

8.76          5.64 

10.26          7.62 

10.59        17.65 
4.90          8.53 
5.40          8.64 
4.49          6.39 

26.6 
6.8 
6.6 
6.2 

12.7 
2.3 
4.1 
4.2 

R'w  =  Resistance  to  diffusion  of  C02  into  the  leaf. 

Rm  z=z  "Mesophyll  resistance,"  i.e.,  the  sum  of  resistance  to  C02  transport  from  the  intercellular 
spaces  to  the  chloroplasts  and  the  "carboxylation  resistance." 
*  At  a  C02  concentration  in  the  intercellular  spaces  of  200  ppm. 


The    results    are    presented    in    Table 

29.  The  treatments  also  affected  total 
nitrogen,  chlorophyll,  and  soluble  protein 
content  of  the  leaves,  as  shown  in  Table 

30.  The  effects  of  the  treatment  upon  the 
light-saturated  rate  of  C02  uptake  and 
upon  the  levels  of  carboxydismutase  ac- 
tivity were  more  extreme  in  this  experi- 
ment than  in  the  previous  experiment  be- 
cause the  leaves  were  exposed  to  the 
treatments  for  a  longer  time  (17-19  days 
vs.  10  days).  The  stomatal  resistance  to 
gas  diffusion  was  considerably  higher  in 
plants  grown  at  a  low  light  intensity  than 
in  those  grown  at  high  intensity,  regard- 
less of  the  nitrate  concentration  used. 
This  is  probably  due  to  a  lower  stomatal 
frequency  in  the  plants  grown  at  low  light 
intensity.  A.  patula  ssp.  hastata  leaves 
were  amphistomatous,  with  about  50% 
more  stomata  on  the  lower  than  on  the 


upper  side,  when  leaves  were  grown  under 
low  or  high  light  intensity.  The  leaves 
grown  at  high  light  had  about  35%  more 
stomata  on  the  basis  of  unit  leaf  area 
than  those  grown  at  low  light.  Similar 
results  were  obtained  by  Holmgren 
(1968)  for  Solidago  virgaurea. 

The  "mesophyH"  resistance  in  these 
experiments  (Table  29)  is  the  sum  of 
resistances  to  C02  transport  inside  the 
leaf  and  the  "carboxylation  resistance," 
i.e.,  the  reciprocal  of  the  efficiency  in 
utilization  of  C02  by  the  C02  fixation 
mechanism  in  the  chloroplasts.  This  re- 
sistance was  considerably  greater  than 
stomatal  resistance  in  all  cases,  and  it 
showed  a  marked  increase  when  either 
the  light  intensity  or  the  nitrogen  supply 
was  reduced.  Ryle  and  Hesketh  (1969) 
also  reported  that  the  reduction  in  C02 
uptake  of  bean  and  maize  plants,  pro- 


TABLE  30.   Total  Nitrogen,  Chlorophyll  and  Soluble  Protein  Content  in  Leaves  of 

Atriplex  patula  ssp.  hastata* 


Treatment 


Nitrogen, 
mg  g"1  dry  weight 


Chlorophyll, 

Soluble  Protein, 

mg  g"1  fresh  weight 

mg  g_1  fresh  weight 

12 

18.1 

0.8 

10.5 

1.9 

16.9 

1.7 

15.8 

100  HL 
3  HL 

100  LL 
3  LL 


58.2 
23.8 
51.9 
40.2 


*  These  leaves  were  also  used  for  the  experiments  presented  in  Table  29. 
HL  plants:  5th  leaf  pair;  19  days  under  the  different  treatments. 
LL  plants :  5th  leaf  pair ;  19  days  under  the  different  treatments. 
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duced  by  a  low  nitrogen  supply,  was  ac- 
companied by  an  apparent  increase  in 
"mesophyll  resistance."  In  the  A.  patula 
leaves  the  increases  in  "mesophyll  resist- 
ance" were  accompanied  by  correspond- 
ing decreases  in  carboxydismutase  ac- 
tivity. The  increases  in  "mesophyll 
resistance"  can  therefore  probably  be 
attributed  mainly  to  increases  in  the 
"carboxylation  resistance"  component. 

Considering  the  probable  identity  of 
carboxydismutase  and  fraction  1  protein 
(Kawashima  and  Wildman,  1970) ,  it  was 
important  to  establish  whether  the  dif- 
ferences   in    carboxydismutase    activity 


were  caused  by  differences  in  the  amount 
of  fraction  1  protein.  Fraction  1  protein 
was  separated  from  crude  extracts  of 
these  leaves  by  gel  filtration  on  Sephadex 
G-200  according  to  the  method  described 
by  Gauhl  (Year  Book  68,  p.  635) .  Figure 
56  shows  the  elution  of  protein  of  differ- 
ent extracts  from  the  column.  The  pro- 
nounced peak  is  mainly  due  to  fraction  1 
protein.  To  estimate  the  amount  of  frac- 
tion 1  protein,  arbitrary  limits  (55  and  82 
ml  of  eluate)  were  selected  on  the  basis 
of  the  curve  shape,  and  the  amount  of 
protein  measured  in  the  fraction  between 
those  limits  was  considered  to  be  frac- 


60  70  80 

Effluent,  ml 


100 


Fig.  56.  Elution  pattern  from  Sephadex  G-200  of  soluble  protein  extracts  of  A.patulassp.hastata 
leaves,  grown  under  different  light  intensities  and  nitrate  supplies.  The  method  was  similar  to 
that  described  by  Gauhl  (Year  Book  68,  p.  635). 
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TABLE  31.  Carboxydismutase  Activity  and  Fraction  1  Protein  in  Leaves  of 

A  triplex  patula  ssp.  hastata 


Carboxydismutase 

Fraction  1  Protein  * 

Activity,  /tmole  C02 

Growing 

Soluble  Protein, 

mgmg- 

1  soluble  protein 

per  minute  per  mg 

Conditions 

mg  g_1  fresh  weight 

soluble  protein 

100  HL 

24.2 

0.44 

0.55 

3  HL 

8.8 

0.16 

0.24 

100  LL 

17.2 

0.24 

0.34 

*  Estimated  from  curves  in  Fig.  56. 


tion  1  protein.  Table  31  shows  the  meas- 
ured carboxydismutase  activities  and  the 
estimated  amounts  of  fraction  1  protein 
for  the  different  extracts.  The  amount  of 
fraction  1  protein  per  amount  of  total 
soluble  protein  varied  in  the  same  manner 
as  did  the  carboxydismutase  activity. 
Thus,  the  variation  in  carboxydismutase 
activity  obtained  in  the  present  studies 
was  probably  due  to  variation  in  the 
amount  of  the  enzyme  rather  than  in  its 
molecular  activity. 

Starch  accumulation,  chloroplast  ultra- 
structure,  and  Hill  activity.  During  the 
preparation  of  crude  extracts  for  enzyme 
assays,  an  unusually  great  amount  of 
starch  was  observed  in  plants  grown  un- 
der high  light  intensity  and  low  nitrogen 
supply.  Accumulation  of  starch  is  not 
unexpected  when  nitrogen  supply  se- 
verely limits  the  utilization  of  photosyn- 
thate  for  protein  synthesis,  even  though 


the  rate  of  photosynthesis  is  low.  It  has 
been  previously  reported  that  nitrogen 
deficiency  results  in  starch  accumulation 
by  leaves  (Bourdu  et  al.,  1965).  Several 
workers  have  reported  a  decrease  in 
photosynthesis  rate  due  to  starch  accum- 
ulation in  the  chloroplasts,  but  the  re- 
sults are  not  conclusive  (Haapala,  1969; 
Wilson,  1970). 

Starch  contents  of  leaves  from  plants 
grown  under  different  treatments  were 
determined  on  leaves  collected  at  the  be- 
ginning (6  a.m.)  and  at  the  end  (10  p.m.) 
of  the  light  period.  The  leaves  were  dried 
at  80 °C  and  then  ground  in  a  mortar. 
Samples  of  200-500  mg  were  extracted 
with  hot  ethanol,  and  starch  was  ex- 
tracted with  perchloric  acid.  The  amount 
of  starch  was  measured  by  the  anthrone 
method,  as  described  by  McCready  et  al. 
(1959).  The  results  are  presented  in 
Table  32.    The  starch  content  of  leaves 


TABLE  32.  Starch  Content  in  Leaves  of  Atriplex  patula  ssp.  hastata  at  the 
Beginning  and  End  of  the  Light  Period 


Gain  in  Starch  during  the 

Growing 

Harvest 

Starch  Content, 

Light  Period, 

Conditions 

Time 

mgg 

"x  dry  weight 

mg  g-1  dry  weight 

100  HL 

6  a.m. 
10  p.m. 

9.5 
107.9 

98.4 

3  HL 

6  a.m. 

266.8 

10  p.m. 

293.0 

27.1 

100  LL 

6  a.m. 

23.0 

10  p.m. 

82.9 

59.9 

3  LL 

6  a.m. 

17.6 

10  p.m. 

65.6 

48.0 

HL  plants:  51  days  old. 
LL  plants:  53  days  old. 
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grown  at  high  light-low  nitrogen  was 
very  much  higher  than  that  of  leaves 
grown  under  the  other  combinations,  in- 
dicating that  the  utilization  of  carbohy- 
drates was  less  than  its  production.  Less 
than  10%  of  the  starch  disappeared  dur- 
ing the  night  in  leaves  grown  at  high 
light-low  nitrogen,  and  70%  in  those 
grown  at  low  light,  regardless  of  whether 
the  nitrogen  was  high  or  low.  On  the 
other  hand,  the  gain  in  starch  during  the 
light  period  was  highest  in  the  plants 
grown  at  high  light-high  nitrogen  and 
lowest  in  plants  grown  at  high  light-low 
nitrogen. 

Figure  57  shows  electron  micrographs 
of  chloroplasts  from  A.  patula  leaves 
grown  under  high  light  intensity  with 
high  and  with  low  nitrogen  nutrition.  The 
leaves  were  harvested  three  hours  after 
the  beginning  of  the  light  period  and  were 
prepared  for  electron  microscopy,  using 
the  conventional  procedure.  The  chloro- 
plasts of  the  leaf  grown  under  low  nitro- 
gen are  strongly  distorted  by  the  abund- 
ance of  large  starch  grains. 

This  considerable  amount  of  starch 
within  the  chloroplast  could  have  some 
deleterious  effect  on  the  functioning  of 
the  photosynthetic  apparatus.  To  ob- 
tain some  information  on  this  subject, 
whole  chloroplasts  from  leaves  grown 
under  different  conditions  were  isolated 
following  the  method  described  by  Walker 
(1964).  The  Hill  reaction  of  chloroplast 
suspensions  was  measured  spectrophoto- 
metrically  as  the  reduction  of  1,6-di- 
chlorophenolindophenol  (DCIP).  The 
reaction  mixture  contained  2  /xg  chloro- 
phyll and  20  /rniole  DCIP  per  ml,  in  a 
phosphate  buffer,  pH  6.8. 

Table  33  shows  the  Hill  reaction  activ- 
ity of  isolated  chloroplasts  from  plants 
grown  for  18-24  days  under  the  different 
treatments.  Chloroplasts  from  leaves 
that  received  low  light  intensity  during 
growth  had  a  lower  Hill  activity  on  a 
chlorophyll  basis  than  the  chloroplasts 
of  leaves  that  received  high  light  intens- 
ity during  growth.  It  is  also  noteworthy 
that  plants  grown  in  low  light-low  nitrate 


yielded  chloroplasts  with  higher  Hill  ac- 
tivity on  the  basis  of  chlorophyll  than 
those  from  plants  grown  at  low  light-high 
nitrate.  Further  interpretation  of  this  lat- 
ter observation  would,  however,  require 
information  on  the  amount  of  chlorophyll 
per  chloroplast.  The  chloroplasts  from 
leaves  that  received  low  nitrate  supply 
and  high  light  intensity  had  Hill  activities 
similar  to  those  of  the  chloroplasts  from 
leaves  that  received  high  nitrate  and  high 
light,  in  spite  of  the  large  amount  of  starch 
accumulated  within  the  chloroplasts  of  the 
former.  This  result  suggests  that  the 
abundant  starch  in  the  chloroplasts  of  the 
leaves  which  developed  under  high  lightr- 
low  nitrate  was  not  a  major  factor  in 
determining  the  lower  rate  of  light- 
saturated  photosynthesis  by  these  leaves. 
In  the  present  case,  the  reduction  in 
photosynthetic  capacity  can  be  accounted 
for  by  a  decrease  in  carboxydismutase 
level. 

Conclusions.  A  reduction  in  the  light 
intensity  under  which  this  "sun"  species 
is  grown  results  in  a  reduction  in  growth 
rate,  photosynthetic  capacity,  and  carb- 
oxydismutase activity.  A  reduction  in 
the  supply  of  nitrogen  nutrient  also  re- 
sults in  these  effects.  In  addition,  nitrogen 
deficiency  results  in  a  massive  accumula- 
tion of  starch,  presumably  because  the 
utilization  of  photosynthate  for  protein 


TABLE  33.   Hill  Reaction  Activity  at  Saturat- 
ing Light  Intensity  of  Isolated  Chloroplasts 
from  Leaves  of  Atriplex  patula  ssp. 
hastata 


Growing 
Conditions 


Hill  Activity, 
/miole  DPIP  mg"1  chl.  hr 


100  HL 
3  HL 

100  LL 
3  LL 


214.8 

242.2 

84.0 

160.1 


Light  source:  quartz-iodine.  Light  beam  filtered 
through  water  and  a  red  filter  (Schott).  Light 
intensity:  2.7  X  105  erg  cm"2  sec-1  (700  nm). 

HL  plants:  61  days  old;  24  days  under  the 
different  treatments. 

LL  plants:  58  days  old;  18  days  under  the 
different  treatments. 
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Fig.  57.  Chloroplast  from  A.  patula  ssp.  hastata  leaves  grown  at  high  intensity.  (A)  High  nitrate 
supply  (100-HL).  (B)  Low  nitrate  supply  (3-HL).  Magnification,  X  10,000.  These  electron 
micrographs  were  kindly  prepared  by  Mrs.  Marjorie  Ray  of  Stanford  University. 
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synthesis  is  inhibited  by  an  inadequate 
supply  of  nitrogen-containing  substrates. 
A  low  light  intensity  during  growth 
alleviates  the  deleterious  effects  of  a  low 
nitrogen  supply,  presumably  as  a  result 
of  a  decreased  demand  for  nitrogen. 

In  spite  of  the  massive  starch  accumu- 
lation within  the  chloroplasts  in  plants 
grown  at  high  light-low  nitrate,  the  Hill 
activity  of  isolated  chloroplasts,  at  least 
on  a  chlorophyll  basis,  was  not  affected 
by  this  accumulation.  Thus,  it  does  not 
seem  likely  that  starch  accumulation  is  a 
major  factor  in  reducing  the  photosyn- 
thetic  capacity  of  the  leaves.  It  is  con- 
cluded that  the  effects  of  reduced  light 
intensity  or  nitrate  supply  for  growth 
on  photosynthetic  capacity  are  largely 
attributable  to  a  reduction  in  the  level  of 
carboxydismutase. 
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Transplant  Responses  of  Cloned  Fi, 

F2,  and  F3  Derivatives  of  the  Amphi- 

ploid  Mimulus  nelsonii  X  M.  lewisii 

in  Comparison  with  the  Parents 

Malcolm  A.  Nobs  and  William  M.  Hiesey 

Nearly  half  a  century  ago,  Clausen  and 
Goodspeed  (1925)  reported  the  first  arti- 
ficial synthesis  of  an  amphiploid.    Sub- 


sequent studies  have  resulted  in  an  exten- 
sive literature  on  amphiploidy,  as  re- 
flected in  reviews  by  Clausen,  Keck,  and 
Hiesey  (1945),  Stebbins  (1950),  and 
Grant  (1971).  At  present,  the  cytogenic 
aspects  of  amphiploidy  and  other  forms 
of  polyploidy  in  the  evolution  of  new 
species  are  well  understood,  but  the 
physiological  and  ecological  effects  of 
chromosomal  doubling  in  interspecific 
hybrids  have  received  little  experimental 
attention. 

Most  artificially  synthesized  amphi- 
ploids  have  been  made  on  annual  species, 
making  difficult  the  direct  comparison  of 
growth  responses  and  survival  of  diploid 
parental  progenitors  with  their  Fi  on  the 
diploid  and  doubled  amphiploid  levels, 
and  on  later  generations  of  the  stabilized 
amphiploid.  The  Fi  hybrid  between  the 
perennial  species  Mimulus  nelsonii  (n  = 
8)  and  M.  lewisii  (n  =  8) ,  having  a 
sterile  diploid  (n  =  8)  with  a  fertile 
tetraploid  segment  (n  =  16)  that  gave 
rise  to  a  stable  amphiploid  combining  the 
characteristics  of  the  two  very  unlike 
parents,  as  reported  in  Year  Book  65,  p. 
468,  provided  excellent  experimental  ma- 
terial for  making  comparisons  of  growth 
responses  between  the  parents  and  their 
hybrid  derivatives  in  contrasting  environ- 
ments. 

During  the  summer  of  1970  a  three- 
year  experiment  was  completed  in  which 
the  growth  responses  and  survival  of 
cloned  propagules  of  the  original  parental 
plants,  and  their  hybrid  derivatives 
through  the  F3  generation,  were  grown 
at  the  contrasting  transplant  stations  at 
Stanford  (elevation,  30  m) ,  Mather 
(1400  m),  and  Timberline  (3050  m). 

At  Stanford  and  Mather  identical 
plantings  were  made  in  gardens  consisting 
of  15  ramets  of  each  parent,  the  Fx 
diploid,  the  Fi  tetraploid,  and  two  cloned 
populations  of  50  plants  of  the  F2  and  F3 
amphiploid  derivatives.  At  Timberline 
the  planting  consisted  of  five  ramets  of 
each  of  the  parents,  the  Fi  diploid,  the  Fi 
tetraploid,  and  two  cloned  populations  of 
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ten  plants  of  the  F2  and  F3  amphiploids, 
all  the  latter  clones  being  also  represented 
in  the  Stanford  and  Mather  plantings. 

At  the  end  of  each  yearly  growing  sea- 
son at  each  station,  all  the  above-ground 
parts  of  each  plant  were  harvested,  air- 
dried,  and  weighed.  These  dry  weights 
provide  an  approximate  measure  of  vigor 
and  productivity.  When  death  occurred 
from  accident  or  rodent  damage,  the 
plants  were  replaced.  At  the  end  of  the 
three-year  experimental  period  the  num- 
ber of  survivors  was  tabulated.  The  re- 
sults are  summarized  in  Table  34. 

Consistent  with  earlier  transplant  ex- 
periments, Mimulus  lewisii,  native  to  the 
Timberline  area,  proved  to  be  a  nonsur- 
vivor  at  Stanford  and  Mather  but  flour- 
ished in  the  Timberline  garden.  In  con- 
trast, M.  nelsonii,  originally  from  the 
highlands  of  Mexico,  was  able  to  survive 


only  at  Stanford.  All  the  Fi,  F2,  and  F3 
hybrid  derivatives,  whether  diploid  or 
tetraploid,  unlike  either  parent,  survived 
at  all  three  stations,  even  at  Mather 
where  neither  of  the  parental  species  sur- 
vived. The  F2  and  F3  tetraploid  deriva- 
tives, except  for  a  few  individual  clones, 
were  strikingly  more  vigorous  at  all  three 
stations  than  were  Fi  plants  derived  from 
either  the  diploid  (n  =  8)  or  tetraploid 
(n  =  16)  sector  of  the  original  stock 
plant.  Among  the  Fi  plants  there  was 
little,  if  any,  difference  in  performance 
with  respect  to  chromosome  number.  This 
fact  indicates  that  polyploidy  in  itself 
does  not  contribute  to  either  improved 
survival  or  productivity  in  contrasting 
environments.  The  complementary  effect 
of  adding  the  genomes  of  the  two  distinct 
species  appears  to  be  the  basis  of  the  hy- 
brid vigor  displayed  by  the  progeny. 


TABLE  34.   Dry  Weight  (g)  and  Survival  of  the  Parents  and  Hybrid  Derivatives 
between  Mimulus  nelsonii  and  M .  lewisii  in  the  Contrasting  Environments 

of  the  Transplant  Stations 


Stanford 

Mather 

Timberline 

M.  nelsonii 

No.  of  ramets 

15 

15 

5 

Dry  weight 

25.4  ±  3.4 

4.7  ±  0.4 

0.1 

Survival,  % 

57 

0 

0 

M.  lewisii 

No.  of  ramets 

15 

15 

5 

Dry  weight 

14.4  ±  3.4 

3.2  ±  0.3 

9.9 

Survival,  % 

0 

0 

100 

M.  nelsonii  X   M.  lewisii 

Fi  diploid : 

No.  of  ramets 

15 

15 

5 

Dry  weight 

36.4  ±  3.0 

5.6  ±  0.7 

8.3 

Survival,  % 

80 

66 

100 

Fi  tetraploid : 

No.  of  ramets 

15 

15 

5 

Dry  weight 

35.7  ±  2.8 

7.4  ±1.2 

9.2 

Survival,  % 

96 

47 

100 

F2  tetraploid : 

No.  of  clones 

50 

50 

10 

Dry  weight 

140.0  ±  6.0 

8.9  ±  0.5 

15.8  ±  2.6 

Survival,  % 

83 

58 

100 

F3  tetraploid : 

No.  of  clones 

50 

50 

10 

Dry  weight 

119.1  ±  6.3 

9.0  ±  0.9 

18.3  ±  2.6 

Survival,  % 

91 

73 

100 
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The  data  on  photosynthetic  measure- 
ments, reported  in  Year  Book  67,  p.  489, 
by  Hiesey,  Bjorkman,  and  Nobs,  revealed 
small  but  consistent  differences  in  the 
photosynthetic  responses  to  temperature 
and  light  intensity.  The  Fi  diploid  and 
tetraploid  clones  were  essentially  inter- 
mediate between  the  contrasting  parental 
species;  the  F2  amphiploid  had  a  con- 
sistently higher  maximum  light-saturated 
photosynthetic  rate  than  the  Fi's. 

The  results  described  above  from  the 
transplant  experiments  at  Stanford, 
Mather,  and  Timberline  underscore  the 
marked  complementary  effect  of  com- 
bining the  genomes  of  two  distinct  species 
in  the  Fx  at  either  the  diploid  or  tetra- 
ploid chromosome  level.  This  comple- 
mentary effect  becomes  strengthened  in 


the  F2  and  F3  generations.  The  data  from 
the  photosynthetic  measurements  are 
consistent  with  this  hypothesis. 
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STAFF    ACTIVITIES 


Drs.  Brown,  Fork,  and  French  par- 
ticipated in  the  Second  International 
Congress  of  Photosynthesis  Research  at 
Stresa,  Italy,  in  late  June.  Thirty-three 
of  the  participants  had  some  present  or 
past  connection  with  the  Department;  of 
them,  twenty-six  gathered  for  a  Car- 
negie reunion.  Dr.  French  participated  in 
the  Symposium  on  Photosynthesis  at  the 
National  Academy  of  Sciences  meeting  in 
April.  Dr.  Brown  spent  several  weeks 
each  at  Utrecht  with  Drs.  Bril  and  Goed- 
heer  and  at  Gif-sur-Yvette  with  Drs. 
Briantais  and  Deroche  to  study  fraction- 
ation and  fluorescence  of  chloroplasts. 
Following  the  Congress  Drs.  Brown, 
Fork,  and  French  attended  a  two  and 
one-half  day  "International  Workshop  on 
Function  of  Substructures  of  the  Photo- 
synthetic Apparatus,"  arranged  in  Got- 
tingen  by  Professor  Gunter  Jacobi,  a 
former  Visiting  Investigator  at  the  De- 
partment. Dr.  Bjorkman  participated  in 
an  intensive  workshop-type  conference  on 
"Recent  Advances  in  C4  Photosynthesis 
and  Photorespiration"  under  the  auspices 
of  the  U.S. -Australia  Science  Agreement. 
The  conference  was  held  in  Canberra, 


Australia,  from  November  22  to  Decem- 
ber 5,  1970.  Dr.  Berry  attended  the  An- 
nual Meeting  of  the  Canadian  Society  of 
Plant  Physiologists  in  Toronto  during 
June  13-17,  1971.  Dr.  Hiesey  was  a  Visit- 
ing Professor  at  the  University  of  Hawaii 
from  September  1970  through  January 
1971 ;  he  conducted  a  series  of  graduate 
seminars  on  Physiological  Ecology  and 
Biosystematics. 

Professor  Theodosius  Dobzhansky, 
now  permanently  located  at  the  Univer- 
sity of  California  at  Davis,  has  actively 
resumed  investigations  on  the  genetics  of 
wild  Drosophila  populations  at  Mather. 
During  the  year,  he  and  his  co-worker, 
Professor  A.  Ayala,  have  been  using  the 
Mather  Station  as  a  base  for  some  of 
their  experimental  work  on  the  possible 
relationship  between  chromosomal  and 
enzyme  polymorphism  in  the  Mather 
populations  of  Drosophila.  The  Mather 
and  Timberline  transplant  stations  have 
also  been  used  for  educational  pur- 
poses by  other  groups.  Thus  Pro- 
fessor Clifford  Smith  of  the  San  Jose 
State  College  and  his  class  in  Evolution 
visited  the  two  stations  during  late  Octo- 
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ber  and  early  November  1970  with  Dr. 
Nobs,  who  presented  the  basic  philosophy 
of  the  transplant  studies  and  summarized 
the  results  on  the  genera  Achillea  and 
Mimulus.  The  Mather  Station  was  also 
used  by  faculty  and  students  of  Stanford 
University.  Professor  Harold  Mooney's 
class  on  Field  Research  Techniques  in 
Plant  Ecology  visited  during  May  17-20, 
and  Professor  John  Thomas  and  his  Plant 
Systematics  class  visited  during  May  21- 
24  to  study  vegetation  of  the  area. 

Professor  Wilfried  Stubbe  of  the  Uni- 
versity of  Dusseldorf  has  made  extensive 
use  of  the  Institution's  garden  and  green- 
house facilities  a't  Stanford.  Dr.  Stubbe, 
who  is  currently  a  Visiting  Investigator 


with  Dr.  Peter  Raven  of  Stanford  Uni- 
versity, is  conducting  a  biosystematic 
survey  of  the  genus  Oenothera. 

The  Department's  herbarium- collection 
of  about  17,000  vouchers  of  plants  used 
in  the  extensive  transplant  experiments 
conducted  during  the  past  fifty  years  by 
Drs.  Harvey  M.  Hall,  Jens  Clausen, 
David  Keck,  William  M.  Hiesey,  and 
Malcolm  A.  Nobs  was  donated  to  Stan- 
ford University.  This  collection  will  be 
consolidated  with  the  major  herbaria  of 
Stanford  University,  the  University  of 
California  at  Berkeley,  and  the  Cali- 
fornia Academy  of  Sciences  in  San  Fran- 
cisco. 
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Report  of  the  Executive  Committee 

To  the  Trustees  of  the  Carnegie  Institution  of  Washington 


Gentlemen : 

In  accordance  with  the  provisions  of  the  By-Laws,  the  Executive  Committee  submits 
this  report  to  the  Annual  Meeting  of  the  Board  of  Trustees. 

During  the  fiscal  year  ending  June  30,  1971,  the  Executive  Committee  held  four  meet- 
ings. Printed  accounts  of  these  meetings  have  been  or  will  be  mailed  to  each  Trustee. 

The  estimate  of  expenditures  for  the  fiscal  year  beginning  July  1,  1971,  has  been  reviewed 
by  the  Executive  Committee. 

The  terms  of  office  of  the  Chairmen  of  all  Committees  of  the  Board  expire  on  May  14, 
1971.   The  terms  of  the  following  members  of  Committees  also  expire  on  May  14,  1971: 


Executive  Committee 
Keith  S.  McHugh 
William  I.  Myers 
Frank  Stanton 

Finance  Committee 

Crawford  H.  Greene  wait 


Nominating  Committee 
Henry  S.  Morgan 

Retirement  Committee 
Frank  Stanton 
Amory  H.  Bradford 
William  M.  Roth 


May  14,  1971 


Garrison  Norton,  Chairman 
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Lybrand,  Ross  Bros.  C  Montgomery 


REPORT  OF  INDEPENDENT  CERTIFIED  PUBLIC  ACCOUNTANTS 


To  the  Auditing  Committee  of 

Carnegie  Institution  of  Washington: 


We  have  examined  the  statement  of  ass 
Carnegie  Institution  of  Washington  as  of  June  3 
related  summary  statement  of  changes  in  funds  f 
ended  and  the  supporting  exhibits  and  schedules 
was  made  in  accordance  with  generally  accepted 
and  accordingly  included  confirmation  from  the 
vestments  held  at  June  30.,  1971*  and  such  tests 
records  and  such  other  auditing  procedures  as  w 
necessary  in  the  circumstances.   We  previously 
ported  upon  the  financial  statements  of  the  Ins 
year  ended  June  30,  1970. 


ets  and  funds  of 
0,  1971,  and  the 
or  the  year  then 

Our  examination 
auditing  standards, 
custodian  of  in- 

of  the  accounting 
e  considered 
examined  and  re- 
titution  for  the 


These  statements  have  been  prepared  on  the  general  basis 
of  cash  receipts  and  disbursements  and  accordingly,  they  do  not 
purport  to  present  financial  position  or  results  of  operations  as 
they  would  appear  had  generally  accepted  accrual  basis  accounting 
principles  been  applied  in  their  preparation. 

In  our  opinion,  the  aforementioned  financial  statements 
and  supporting  exhibits  and  schedules  (Pages  ^-15)  present  fairly 
the  assets  and  funds  of  Carnegie  Institution  of  Washington  at 
June  30,  1971  and  1970,  and  the  changes  in  funds  for  the  year 
ended  June  30,  1971,  on  the  basis  indicated  above  consistently 
applied . 


^^^o^.y^^ 


Washington,  D.  C. 
August  2k,    1971 


573 


STATEMENT  A 


ASSETS  AND  FUNDS 
JUNE  30,  1971  AND  1970 


ASSETS 


Cash 

Advances  .  .  .  .  x 

Investments  (cost)  (a),  Schedule  2: 

Governmental  bonds 

Nongovernmental  bonds 

Total  bonds    

Mortgage    

Common  stocks 

Land  (cost)     

Buildings  (cost)     

Total  assets 

FUNDS 

Operating  Fund,  Exhibit  1 

Restricted  Grants,  Exhibit  2     

Endowment  and  Special  Funds,  Exhibit  3    

Land  and  buildings 

Total  funds     


1971  1970 

234,994.68  $      312,294.95 


45,701.98 


1,099,625.00 

37,883,876.78 

38,983,501.78 

8,738.12 

40,996,808.09 

752,898.80 

2,907,430.26 


(8,037.14) 


93,398.65 


1,099,625.00 

38,329,221.79 

39,428,846.79 

11,432.64 

38,530,069.74 

434,806.42 

2,868,732.64 


$83,930,073.71  $81,679,581.83 


$  2,694,719.70  $  1,815,968.69 


26,443.43 


77,583,062.09  76,533,630.65 


3,660,329.06  3,303,539.06 


$83,930,073.71  $81,679,581.83 


(a)  Approximate  market  value  on  June  30,  1971:    $113,041,612.00. 
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EXHIBIT  1  CHANGES  IN  OPERATING  FUND 

FOR  THE  YEAR  ENDED  JUNE  30,  1971 

Balance,  July  1,  1970 $1,815,968.69 


Appropriations,  Statement  B: 

Budget,  July  1,  1970  to  June  30,  1971    $5,147,564.00 

Las  Campanas  Observatory 

Unrestricted  Capital 970,528.00 

Greenewalt  Astronomy 582,877.00 

Employee  benefits,  special,  Hale 1,150.00  6,702,119.00 


Total  available  for  expenditures 8,518,087.69 


Expenditures: 

Salaries 2,588,191.15 

Educational  and  research  supplies 776,611.41 

Equipment    322,472.59 

Employee  benefits,  retirement  contributions    316,293.85 

Building  maintenance 306,191.06 

Land 247,822.38 

Administrative 224,570.81 

Fellowship  grants    168,371.89 

Employee  benefits,  other 134,290.92 

Publications 132,507.54 

Taxes 118,414.63 

Travel 115,258.50 

Consulting  fees 80,363.15 

Financial  advisory  services 66,656.10 

Buildings 45,529.02 

Insurance 36,441.00 

Awards    34,366.22 

Rent 34,165.86 

Commissary    28,938.11 

Shop 19,027.49 

Entertainment 18,318.00 

Fellowship  travel     8,566.31 


Total  expenditures 5,823,367.99 


Balance,  June  30,  1971 $2,694,719.70 
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EXHIBIT  2  CHANGES  IN  RESTRICTED  GRANTS 

FOR  THE  YEAR  ENDED  JUNE  30,  1971 


Balance 

Expenditures 

Balance 

July  1,  1970 

Grants 

Salaries 

Other 

June  30,  1971 

American  Cancer  Society  .  .  .  . 

.      $      500.00 

$        500.00 

$     1,000.00 

600.00 

5,000.00 

5,600.00 

Armin  J.  Deutsch  Memorial  .  .  .  . 

100.00 

100.00 

Carnegie  Corporation  of 

New  York 

330.10 

80  000.00 

80  330.10 

Construction  of  Meter 

4,043.99 

400.65 

$  3,643.34 

242.38 

11.03 

231.35 

Lalor  Foundation . 

3,000.00 

(849.71) 

2,150.29 

Medical  Research  Council    .  .  .  . 

486.25 

486.25 

National  Aeronautics  & 

Space  Administration    

13,203.94 

122,031.60 

$12,834.72 

146,056.97 

(23,656.15) 

National  Science  Foundation    .  . 

16,808.52 

237,400.00 

44,878.26 

195,815.83 

13,514.43 

Office  of  Naval  Research 

(8,036.36) 

26,500.00 

10,965.00 

9,755.00 

(2,256.36) 

Public  Health  Service 

(205.15) 

7,860.00 

2,600.00 

5,054.85 

Total 

.      $26,443.43 

$483,072.13 

$71,277.98 

$446,274.72 

($  8,037.14)* 

*Does  not  include  grants  to  be  received  as  follows: 

National  Aeronautics  &  Space  Administration $215,085.65 

National  Science  Foundation    180,073.05 

Office  of  Naval  Research 4,500.00 


$399,658.70 
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SCHEDULE  2 


INVESTMENTS,  JUNE  30,  1971 


Description 

Federal  Agency  Bonds 

Federal  National  Mortgage  Association, 
5v8  s,  1972    

Federal  National  Mortgage  Association, 
Part.  Certificates,  5y2s,  1973 

Total     

Foreign  Bonds 

Alberta  Government  Telephone  Commission, 

Deb.,  4%s,  1984    

Alcan  Aluminum  Corporation, 

Prom.  Note,  43/4s,  1984 

Aluminum  Co.  of  Canada,  Ltd., 

S.  F.  Deb.,  9y2s,  1995     

Australia  (Commonwealth  of), 

5y2s,  1982    

Bell  Telephone  Co.  of  Canada, 

1st  Mtg.  Series  X,  4%  s,  1988      

Churchill  Falls  (Labrador)  Corp.  Ltd., 

1st  Mtg.  Series  A,  1%  s,  2007 

Industrial  Acceptance  Corp.  Ltd., 

Sec.  Note  Series  Z.  5V4s,  1982 

Quebec  Hydro-Electric  Commission, 

S.  F.  Deb.,  5s,  1988 

Quebec  Hydro-Electric  Commission, 

Deb.  Series  BN,  9v4  s,  1995    

Shell  Funding  Corp., 

Collat.  Tr.  Series  B,  4%  s,  1985    

Toronto  (Municipality  of  Metropolitan), 

S.  F.  Deb.,  5s,  1979 

Total     

Public  Utility  Bonds 

Colonial  Pipeline  Co., 

Sec.  Note  Series  A,  4.829s,  1990 
Consolidated  Edison  Co.  of  N.  Y., 

1st  &  Ref.  Mtg.  Series  N,  5s,  1987  ...  . 
Consumers  Power  Co., 

1st  Mtg.,  43/4s,  1987 

Minnesota  Power  &  Light  Co., 

1st  Mtg.,  3v8s,  1975 

Niagara  Mohawk  Power  Corp., 

Gen.  Mtg.,  3v8s,  1986    

Niagara  Mohawk  Power  Corp., 

Gen.  Mtg.,  47/8  s,  1987 

Pacific  Gas  &  Electric  Co., 

1st  &  Ref.  Mtg.  Series  BB,  5s,  1989  .  .  . 


Par 


Cost 


Approximate 
Market 


$      100,000 

1,000,000 

$  1,100,000 


$  7,304,000 


750,000 
300,000 
4,000 
200,000 
250,000 
400,000 
250,000 


99,625.00   $   99,250 
1,000,000.00      970,000 


$  1,099,625.00   $  1,069,250 


700,000 

$   700,000.00 

*   435,750 

716,000 

716,000.00 

545,950 

500,000 

517,790.47 

525,000 

466,000 

467,522.64 

382,120 

750,000 

747,300.00 

489,375 

800,000 

800,000.00 

694,000 

750,000 

750,000.00 

532,500 

718,000 

705,435.00 

507,985 

500,000 

504,213.85 

507,500 

904,000 

904,000.00 

723,200 

500,000 

498,637.50 

413,750 

$  7,310,899.46   $  5,757,130 


750,000.00       $      549,375 
301,245.76  213,000 


4,013.80 

2,920 

200,595.45 

173,250 

251,598.14 

160,938 

401,858.91 

292,000 

251,081.98 

185,000 

580 


IWESTMENTS-Continued 


Description  Par 

Public  Utility  Bonds 
—Continued 

Pacific  Power  &  Light  Co., 

1st  Mtg.,  4%  s,  1986 $      250,000 

Potomac  Electric  Power  Co., 

Deb.,  4%s,  1982     236,000 

Public  Service  Co.  of  Indiana, 

1st  Mtg.  Series  L,  4%  s,  1987 400,000 

Southern  California  Edison  Co., 

1st  &  Ref.  Mtg.  Series  H,  4v4s,  1982    250,000 

Southern  California  Edison  Co., 

1st  &  Ref.  Mtg.  Series  J,  4%  s,  1982     200,000 

Washington  Water  Power  Co., 

1st  Mtg.,  4V8  s,  1987 300,000 

Total     $  3,790,000 

Communication  Bonds 

American  Telephone  &  Telegraph  Co., 

Deb.,  8%  s,  2000    $      375,000 

American  Telephone  &  Telegraph  Co., 

Deb.,  8.70s,  2002 925,000 

Southwestern  Bell  Telephone  Co., 

Deb.,  3v8  s,  1983    300,000 

Total     $  1,600,000 

Industrial  and  Miscellaneous  Bonds 

Boeing  Co., 

Notes,  6v8  s,  1986     $  1,000,000 

Chesapeake  &  Ohio  Railway  Co., 

Gen.  Mtg.,  4v2  s,  1992 100,000 

Columbia  Broadcasting  System,  Inc., 

Prom.  Note,  5v2  s,  1991    880,000 

Commercial  Credit  Co., 

Note,  35/8s,  1976     400,000 

Commercial  Credit  Co., 

Note,  4%  s,  1982    700,000 

Crown  Zellerbach  Corp., 

Prom.  Note,  4%  s,  1981    275,000 

Crown  Zellerbach  Corp., 

S.  F.  Deb.,  87/8  s,  2000 1,000,000 

Erie  Mining  Company, 

1st  Mtg.  Series  B,  4v2  s,  1983 419,000 

First  National  City  Bank, 

Capital  Conv.  Notes,  4s,  1990    1,000,000 

FMC  Corp., 

S.  F.  Deb.,  3.8s,  1981 500,000 

Four  Corners  Pipe  Line  Co., 

Sec.  Note,  5s,  1982    151,000 


Cost 


Approximate 
Market 


251,604.15       $      162,500 
238,625.72  171,395 


400,000.00 

270,000 

250,781.32 

183,125 

200,949.33 

153,250 

300,000.00 

220,500 

$  3,802,354.56 

$  2,737,253 

375,500.00       $      405,000 
925,000.00  987,438 

301,750.00  196,500 


$  1,602,250.00       $  1,588,938 


1,000,000.00 

$   785,000 

99,500.00 

60,500 

880,000.00 

693,000 

401,656.68 

330,000 

700,000.00 

490,000 

275,000.00 

229,625 

1,027,527.53 

1,050,000 

406,798.72 

271,303 

1,075,715.00 

1,020,000 

500,000.00 

350,000 

151,000.00 

127,218 
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INVESTMENTS-Continued 


Description 

Industrial  and  Miscellaneous  Bonds 
—Continued 

General  Electric  Co., 

Demand  Nc-te     

General  Electric  Credit  Corp.  (N.  Y.), 

Sub.  Note,  43/4s,  1987 

General  Electric  Credit  Corp.  (N.  Y.), 

Prom.  Note,  5s,  1975     

General  Motors  Acceptance  Corp., 

Deb.,  3V2s,  1972    

General  Motors  Acceptance  Corp., 

Deb.,  4s,  1979     

General  Motors  Acceptance  Corp., 

Deb.,  47/8s,  1987 

General  Motors  Acceptance  Corp., 

Deb.,  5s,  1977 

General  Motors  Acceptance  Corp., 

Deb.,  5s,  1981 

General  Portland  Cement  Co., 

Conv.  Sub.  Deb.,  5s,  1977    

Household  Finance  Corp., 

Deb.,  47/8s,  1993       

Hystron  Fibers,  Inc., 

Notes,  53/4s,  1986 

Instlcorp,  Inc., 

Collat.  Tr.  Note,  A-16,  1991 

Instlcorp,  Inc., 

Collat.  Tr.  Note,  A-19,  1991 

Instlcorp,  Inc., 

Collat.  Tr.  Note,  A-21,  1991 

Instlcorp,  Inc., 

Collat  Tr.  Note,  A-  23,  1991 

Instlcorp,  Inc., 

Collat.  Tr.  Note,A-36,  1992 

Intl.  Harvester  Credit  Corp., 

Demand  Note     

Intl.  Harvester  Credit  Corp., 

Deb.,  4%s,  1979     

Kaiser  Aluminum  &  Chemical  Corp., 

IstMtg.,  5V2s,  1987 

Kresge  (S.S.)  Company, 

Prom.  Note,47/8  s,  1983 

Mercantile  Stores  Co.,  Inc. 

S.  F.  Deb.,  8.70s,  1995 

Montgomery  Ward  Credit  Corp., 

Deb.,  47/8s,  1980    

NCNB  Corp., 

S.  F.  Deb.,  8.40s,  1995 

Owens-Illinois,  Inc., 

Notes,  5s,  1991 

Penney  (J.  C.)  Company,  Inc., 

Conv.  Sub.  Deb.,  4V4s,  1993 


Par 


Cost 


Approximate 
Market 


495,000 

$   495,000.00 

$   495,000 

500,000 

500,000.00 

312,500 

500,000 

500,000.00 

440,000 

200,000 

200,000.00 

196,062 

480,000 

435,037.50 

377,400 

1,000,000 

990,000.00 

731,250 

200,000 

195,000.00 

178,500 

200,000 

199,000.00 

165,750 

150,000 

154,500.00 

123,000 

750,000 

746,250.00 

508,125 

1,000,000 

1,000,000.00 

830,000 

302,875.76 

292,758.65 

260,473 

257,052.68 

248,547.24 

219,779 

138,137.92 

133,303.11 

118,107 

171,652.41 

168,871.72 

147,192 

535,630.62 

513,755.24 

441,895 

481,000 

481,000.00 

481,000 

400,000 

398,000.00 

312,500 

213,000 

213,000.00 

164,010 

630,000.01 

630,000.01 

477,225 

500,000 

500,000.00 

517,500 

200,000 

199,000.00 

156,000 

500,000 

497,500.00 

511,250 

700,000 

700,000.00 

512,750 

2,000,000 

2,248,083.75 

2,640,000 
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IWESTMENTS-Continued 

Approximate 
Description  Par  Cost  Market 

Industrial  and  Miscellaneous  Bonds 
— Continued 

Sears  Roebuck  Acceptance  Corp., 

Sub.  Deb.,  4vs,  1977 $      525,000  $      511,505.00       $      437,063 

Shell  Oil  Company, 

Deb.,  5s,  1991 966,667  966,667.00  737,084 

Spiegel,  Inc., 

Deb.,  5s,  1987 250,000  250,000.00  160,000 

Statewide  Stations  Inc., 

Sec.  Note,  45/8s,  1994    436,000  436,000.00  312,830 

Sylvan ia  Electric  Products  Inc., 

Demand  Note 156,000  156,000.00  156,000 

Talcott  (James)  Inc., 

Senior  Note,  5V2  s,  1980 215,000  212,850.00  168,238 

Texas  Gulf  Sulphur  Co., 

Prom.  Note,  4.7s,  1989 630,000  630,000.00  480,375 

Trailer  Train  Co., 

4v4s,  1976 323,545.01  323,545.01  295,235 

Tremarco  Corporation, 

1st  Mtg.  Series  E,  5s,  1983 234,000  234,000.00  194,805 

United  Air  Lines,  Inc., 

Notes,  5s,  1984 700,000  700,000.00  493,500 

United  Shoe  Machinery  Corporation, 

S.  E.  Deb.,  5%s,  1992 680,000  678,300.00  537,200 

U.  S.  Steel, 

S.  E.  Sub.  Deb.,  45/8s,  1996 542,500  443,873.50  341,097 

Wool  worth  (E.  W.)  Company, 

Prom.  Note,  5s,  1982    469,827.10  469,827.10  351.196 

Total    • $25,057,888.51       $25,168,372.76       $21,388,537 

Bonds,  funds  invested     $38,851,888.51       $38,983,501.78       $32,541,108 

Mortgage 

Alfred  D.  Hershey  and  Harriet  D.  Hershey, 

5V2  s,  1974    $  8,738.12       $  8,738.12      $  8,738 
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IN  VESTMENTS-Con*  inued 


Description 


Shares 


Cost 


Approximate 
Market 


Common  Stocks 


AMP  Incorporated     12,000 

ARA  Services  Inc 5,700 

American  Telephone  &  Telegraph  Company 45,352 

Aquitaine  Co.  of  Canada,  Ltd 28,000 

Avon  Products,  Inc 24,000 

Caterpillar  Tractor  Co 34,800 

Chesebrough-Pond's  Inc 28,000 

Chicago  Pneumatic  Tool  Co 25,500 

Christiana  Securities  Company 4,145 

Coca-Cola  Bottling  Co.  of  N.  Y 24,000 

Coca-Cola  Company  (The) 39,200 

Disney  (Walt)  Productions 14,280 

E.  I.  du  Pont  de  Nemours  &  Co 7,500 

Eastman  Kodak  Company      43,972 

Federated  Department  Stores,  Inc 24,000 

First  National  City  Corp 30,208 

General  Electric  Company 61,254 

General  Foods  Corp 27,600 

General  Motors  Corporation 35,419 

Goodyear  Tire  &  Rubber  Company 83,424 

Grant  (W.  T.)  Co 16,500 

International  Business  Machines  Corp. 31,668 

International  Nickel  Co.  of  Canada  Ltd 61,175 

International  Paper  Company     57,000 

International  Tel  &  Tel  Corp 31,000 

Johnson  &  Johnson     38,700 

Merck  &  Co.,  Inc 23,000 

Minnesota  Mining  &  Manufacturing  Co 19,000 

Mobil  Oil  Corporation 40,700 

Polaroid  Corporation     5,500 

Schlumberger  Ltd 20,000 

Sears,  Roebuck  and  Co 4,600 

Southern  Co 32,800 

Standard  Oil  Co.  (New  Jersey)     23,561 

TRW  Inc 59,000 

Texaco  Inc 48,380 

Texas  Utilities  Co 7,600 

U.  S.  Plywood-Champion  Papers  Inc 56,800 

Virginia  Electric  &  Power  Co 35,999 

Will  Ross  Inc 20,300 

Xerox  Corp 26,100 

Common  stocks,  funds  invested     

Aggregate  investments     


$      783,265.58 

752,522.55 

1,322,061.49 

797,835.09 

1,111,961.35 

601,472.84 

911,861.03 

928,574.31 

462,877.00 

853,643.39 

628,984.09 

1,060,511.84 

874,270.56 

443,434.12 

582,805.81 

348,278.77 

767,899.37 

1,210,911.44 

1,143,847.99 

1,702,971.74 

1,012,275.76 

851,095.87 

1,296,074.87 

2,112,936.24 

1,983,098.08 

750,762.93 

806,982.24 

1,916,654.93 

1,651,214.65 

694,336.65 

1,789,328.00 

207,078.03 

878,283.72 

671,594.17 

2,760,141.91 

249,172.89 

104,621.78 

697,928.16 

636,133.86 

773,937.50 

1,863,165.49 


$  849,000 
803,700 
2,069,185 
773,500 
2,649,000 
1,696,500 
1,505,000 
1,042,313 
516,053 
1,026,000 
4,022,900 
1,627,920 
1,044,375 
3,413,327 
1,113,000 
1,042,176 
3,721,181 
1,028,100 

2,802,528 

2,763,420 

1,047,750 

10,038,756 

2,309,356 

2,002,125 

1,929,750 

3,724,875 

2,343,125 

2,313,250 

2,269,025 

638,000 

2,725,000 

399,050 

787,200 

1,775,910 

2,286,250 

1,723,538 

469,300 

1,633,000 

778,478 

761,250 

3,027,600 


$40,996,808.09         $80,491,766 


$79,989,047.99       $113,041,612 
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SCHEDULE  3 


SUMMARY  OF  INVESTMENT  TRANSACTIONS 
FOR  THE  YEAR  ENDED  JUNE  30,  1971 


Cash,  July  1,  1970 


8,568.41 


Bonds    

Mortgage    .  .  .  . 
Common  stocks 


Realized  capital  gain,  net- 
Statement  B    


Sales  and  Redemptions 

Capital 

Gain  Loss 

$        7,206.00      $    377,552.58 

4,343,291.24         1,049,377.78 

4,350,497.24        1,426,930.36 

2,923,566.88 


$4,350,497.24      $4,350,497.24 


Total  sales  and  redemptions     

Income  applied  to  amortization  of  bond  premium 

Gifts 

Cash  transferred  to  drawing  account     


Book  Value 

$  7,731,896.27 
2,694.52 

7,583,921.76 

15,318,512.55 

2,923,566.88 


Total 


18,242,079.43 
5,441.04 
602,877.00 
(1,500,228.12) 

17,358,737.76 


Acquisitions 

Bonds $  7,292,000.00 

Common  stocks .         10,050,660.11 

Total  acquisitions 


17,342,660.11 


Cash,  June  30,  1971 $        16,077.65 
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Abstract  of  Minutes 

of  the  Seventy-Third  Meeting  of  the  Board  of  Trustees 


The  annual  meeting  of  the  Board  of  Trustees  was  held  in  the  Board  Room  of  the  Ad- 
ministration Building  on  Friday,  May  14,  1971.  Chairman  James  N.  White  called  the 
meeting  to  order. 

The  following  Trustees  were  present:  Michael  Ference,  Jr.,  Carl  J.  Gilbert,  William  T. 
Golden,  Crawford  H.  Greenewalt,  Caryl  P.  Haskins,  Keith  S.  McHugh,  Henry  S.  Morgan, 
William  I.  Myers,  Garrison  Norton,  Robert  M.  Pennoyer,  William  M.  Roth,  William  W. 
Rubey,  Juan  T.  Trippe,  and  James  N.  White. 

The  minutes  of  the  Seventy-Second  Meeting  were  approved. 

The  resignations  of  two  Trustees,  Dr.  Vannevar  Bush  and  Mr.  Robert  A.  Lovett,  were 
accepted  with  regret. 

William  R.  Hewlett  and  Walter  H.  Page  were  elected  members  of  the  Board  of  Trustees. 

Garrison  Norton  was  elected  Chairman  of  the  Board  for  a  term  ending  in  1974.  William 
McChesney  Martin,  Jr.,  was  elected  Vice-Chairman  of  the  Board,  and  William  T.  Golden 
was  elected  Secretary  of  the  Board,  both  for  terms  ending  in  1973. 

The  following  were  elected  for  one-year  terms:  William  McChesney  Martin,  Jr.,  as 
Chairman  of  the  Executive  Committee,  Richard  S.  Perkins  as  Chairman  of  the  Finance 
Committee,  James  N.  White  as  Chairman  of  the  Nominating  Committee,  Keith  S.  McHugh 
as  Chairman  of  the  Auditing  Committee,  and  Frank  Stanton  as  Chairman  of  the  Retire- 
ment Committee. 

Vacancies  in  standing  committees,  with  terms  as  indicated  in  parentheses,  were  filled  as 
follows:  Caryl  P.  Haskins  (1974),  Keith  S.  McHugh  (1974),  William  I.  Myers  (1974),  and 
Frank  Stanton  (1974)  were  elected  members  of  the  Executive  Committee;  William  T. 
Golden  (1973)  and  Crawford  H.  Greenewalt  (1974)  were  elected  members  of  the  Finance 
Committee;  James  N.  White  (1972)  and  William  M.  Roth  (1974)  were  elected  members  of 
the  Nominating  Committee;  Charles  P.  Taft  (1974)  was  elected  a  member  of  the  Auditing 
Committee;  and  Amory  H.  Bradford  (1974),  William  M.  Roth  (1974),  and  Frank  Stanton 
(1974)  were  elected  members  of  the  Retirement  Committee. 

After  the  election,  Mr.  Norton  took  over  the  Chairmanship  of  the  Board  of  Trustees 
and  conducted  the  remainder  of  the  meeting. 

The  reports  of  the  Executive  Committee,  the  Finance  Committee,  the  Retirement  Com- 
mittee, and  the  Auditing  Committee,  were  accepted.  On  the  recommendation  of  the 
latter,  it  was  resolved  that  Arthur  Andersen  and  Company  be  appointed  as  public  account- 
ants for  the  fiscal  year  beginning  July  1,  1971. 

The  annual  report  of  the  President  was  accepted. 
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588  CARNEGIE     INSTITUTION 

To  provide  for  the  operation  of  the  Institution  for  the  fiscal  year  beginning  July  1,  1971, 
and  upon  recommendation  of  the  Executive  Committee,  the  sum  of  $5,326,284  was  appro- 
priated. To  provide  for  construction  and  other  development  expenses  of  Las  Campanas 
Observatory  and  upon  recommendation  of  the  Executive  Committee,  the  sum  of  $781,987 
was  appropriated  from  the  Unrestricted  Capital  Fund  for  use  at  the  discretion  of  the 
President. 

Dr.  Haskins  proposed  the  following  resolution,  which  was  adopted  unanimously  by 
the  Trustees: 

Be  It  Resolved,  That  the  Trustees  of  the  Carnegie  Institution  of  Wash- 
ington express  their  deep  appreciation  and  gratitude  to  Mr.  and  Mrs.  Craw- 
ford H.  Greene  wait  for  their  generous  gift,  which  has  made  possible  the 
construction  of  the  Irenee  du  Pont  Telescope,  to  be  erected  in  Chile  at  the 
Carnegie  Institution's  Las  Campanas  Observatory. 

Mr.  McHugh  proposed  the  following  resolution  which  was  also  unanimously  adopted  by 
the  Trustees: 

Be  It  Therefore  Resolved,  That  the  Trustees  of  the  Carnegie  Institution 
of  Washington  express  their  deep  appreciation  to  Mr.  James  N.  White  for 
his  outstanding  service  as  Chairman  of  the  Board  from  1965  to  1971. 

Article  V,  Section  4  and  Section  7,  of  the  By-Laws  were  amended  to  read  as  follows: 


article  v 

Executive  Committee 

4.  The  Executive  Committee  shall  consist  of  the  Chairman,  Vice-Chairman,  and  Secre- 
tary of  the  Board  of  Trustees,  the  President  of  the  Institution,  ex  officio,  and,  in  addition, 
not  less  than  five  or  more  than  eight  Trustees  to  be  elected  by  the  Board  by  ballot  for  a 
term  of  three  years,  who  shall  be  eligible  for  re-election.  Any  member  elected  to  fill  a 
vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term.  The  presence  of  four 
members  of  the  Committee  shall  constitute  a  quorum  for  the  transaction  of  business  at  any 
meeting. 

Finance  Committee 

7.  The  Finance  Committee  shall  consist  of  not  less  than  five  and  not  more  than  six 
members  to  be  elected  by  the  Board  of  Trustees  by  ballot  for  a  term  of  three  years,  who 
shall  be  eligible  for  re-election.  The  presence  of  three  members  of  the  Committee  shall 
constitute  a  quorum  for  the  transaction  of  business  at  any  meeting. 


Articles  of  Incorporation 

JWj-ngJti  Congress  of  %  fflratefc  Slates  of  America; 

^t  the  ^ietond  Jfessiim, 

Begun  and  held  at  the  City  of  Washington  on  Monday,  the  seventh  day  of  December,  one 

thousand  nine  hundred  and  three. 


A.2ST   ACT 
To  incorporate  the  Carnegie  Institution  of  Washington. 


Be  it  enacted  by  the  Senate  and  House  of  Representatives  of  the  United 
States  of  America  in  Congress  assembled,  That  the  persons  following,  being  persons 
who  are  now  trustees  of  the  Carnegie  Institution,  namely,  Alexander  Agassiz, 
John  S.  Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge,  William  N.  Frew, 
Lyman  J.  Gage,  Daniel  C.  Gilman,  John  Hay,  Henry  L.  Higginson,  William 
Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P.  Langley,  William  Lindsay,  Seth 
Low,  Wayne  MacVeagh,  Darius  0.  Mills,  S.  Weir  Mitchell,  William  W.  Morrow, 
Ethan  A.  Hitchcock,  Elihu  Root,  John  C.  Spooner,  Andrew  D.  White,  Charles 
D.  Walcott,  Carroll  D.  Wright,  their  associates  and  successors,  duly  chosen,  are 
hereby  incorporated  and  declared  to  be  a  body  corporate  by  the  name  of  the 
Carnegie  Institution  of  Washington  and  by  that  name  shall  be  known  and  have 
perpetual  succession,  with  the  powers,  limitations,  and  restrictions  herein  contained. 

Sec.  2.  That  the  objects  of  the  corporation  shall  be  to  encourage,  in  the 
broadest  and  most  liberal  manner,  investigation,  research,  and  discovery,  and 
the  application  of  knowledge  to  the  improvement  of  mankind;  and  in  particular — 

(a)  To  conduct,  endow,  and  assist  investigation  in  any  department  of 
science,  literature,  or  art,  and  to  this  end  to  cooperate  with  governments, 
universities,  colleges,  technical  schools,  learned  societies,  and  individuals. 

(b)  To  appoint  committees  of  experts  to  direct  special  lines  of  research. 

(c)  To  publish  and  distribute  documents. 

(d)  To  conduct  lectures,  hold  meetings,  and  acquire  and  maintain  a  library. 

(e)  To  purchase  such  property,  real  or  personal,  and  construct  such  building 
or  buildings  as  may  be  necessary  to  carry  on  the  work  of  the  corporation. 
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(f)  In  general,  to  do  and  perform  all  things  necessary  to  promote  the 
objects  of  the  institution,  with  full  power,  however,  to  the  trustees  hereinafter 
appointed  and  their  successors  from  time  to  time  to  modify  the  conditions  and 
regulations  under  which  the  work  shall  be  carried  on,  so  as  to  secure  the 
application  of  the  funds  in  the  manner  best  adapted  to  the  conditions  of  the  time, 
provided  "that  the  objects  of  the  corporation  shall  at  all  times  be  among  the 
foregoing  or  kindred  thereto. 

Sec.  3.  That  the  direction  and  management  of  the  affairs  of  the  corporation 
and  the  control  and  disposal  of  its  property  and  funds  shall  be  vested  in  a  board 
of  trustees,  twenty-two  in  number,  to  be  composed  of  the  following  individuals : 
Alexander  Agassiz,  John  S.  Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge, 
William  N.  Frew,  Lyman  J.  Gage,  Daniel  0.  Gilman,  John  Hay,  Henry 
L.  Higginson,  William  Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P. 
Langley,  William  Lindsay,  Seth  Low,  Wayne  MacVeagh,  Darius  0.  Mills, 
S.  Weir  Mitchell,  William  W.  Morrow,  Ethan  A.  Hitchcock,  Elihu  Root, 
John  C.  Spooner,  Andrew  D.  White,  Charles  D.  Walcott,  Carroll  D.  Wright, 
who  shall  constitute  the  first  board  of  trustees.  The  board  of  trustees  shall 
have  power  from  time  to  time  to  increase  its  membership  to  not  more  than 
twenty-seven  members.  Vacancies  occasioned  by  death,  resignation,  or  otherwise 
shall  be  filled  by  the  remaining  trustees  in  such  manner  as  the  by-laws  shall 
prescribe;  and  the  persons  so  elected  shall  thereupon  become  trustees  and  also 
members  of  the  said  corporation.  The  principal  place  of  business  of  the  said 
corporation  shall  be  the  city  of  Washington,  in  the  District  of  Columbia. 

Sec.  4.  That  such  board  of  trustees  shall  be  entitled  to  take,  hold  and 
administer  the  securities,  funds,  and  property  so  transferred  by  said  Andrew 
Carnegie  to  the  trustees  of  the  Carnegie  Institution  and  such  other  funds  or 
property  as  may  at  any  time  be  given,  devised,  or  bequeathed  to  them,  or  to  such 
corporation,  for  the  purposes  of  the  trust ;  and  with  full  power  from  time  to  time  to 
adopt  a  common  seal,  to  appoint  such  officers,  members  of  the  board  of  trustees  or 
otherwise,  and  such  employees  as  may  be  deemed  necessary  in  carrying  on  the 
business  of  the  corporation,  at  such  salaries  or  with  such  remuneration  as  they  may 
deem  proper;  and  with  full  power  to  adopt  by-laws  from  time  to  time  and  such  rules 
or  regulations  as  may  be  necessary  to  secure  the  safe  and  convenient  transaction 
of  the  business  of  the  corporation;  and  with  full  power  and  discretion  to  deal 
with  and  expend  the  income  of  the  corporation  in  such  manner  as  in  their 
judgment  will  best  promote  the  objects  herein  set  forth  and  in  general  to  have 
and  use  all  powers  and  authority  necessary  to  promote  such  objects  and  carry  out 
the  purposes  of  the  donor.     The  said  trustees  shall  have  further  power  from  time 
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to  time  to  hold  as  investments  the  securities  hereinabove  referred  to  so  transferred 
by  Andrew  Carnegie,  and  any  property  which  has  been  or  may  be  transferred 
to  them  or  such  corporation  by  Andrew  Carnegie  or  by  any  other  person, 
persons,  or  corporation,  and  to  invest  any  sums  or  amounts  from  time  to  time 
in  such  securities  and  in  such  form  and  manner  as  are  permitted  to  trustees 
or  to  charitable  or  literary  corporations  for  investment,  according  to  the  laws 
of  the  States  of  New  York,  Pennsylvania,  or  Massachusetts,  or  in  such  securities 
as  are  authorized  for  investment  by  the  said  deed  of  trust  so  executed  by  Andrew 
Carnegie,  or  by  any  deed  of  gift  or  last  will  and  testament  to  be  hereafter  made 
or  executed. 

Sec.  5.  That  the  said  corporation  may  take  and  hold  any  additional 
donations,  grants,  devises,  or  bequests  which  may  be  made  in  further  support  of 
the  purposes  of  the  said  corporation,  and  may  include  in  the  expenses  thereof 
the  personal  expenses  which  the  trustees  may  incur  in  attending  meetings  or 
otherwise  in  carrying  out  the  business  of  the  trust,  but  the  services  of  the 
trustees  as  such  shall  be  gratuitous. 

Sec.  6.  That  as  soon  as  may  be  possible  after  the  passage  of  this  Act  a 
meeting  of  the  trustees  hereinbefore  named  shall  be  called  by  Daniel  C.  Gilman, 
John  S.  Billings,  Charles  D.  Walcott,  S.  Weir  Mitchell,  John  Hay,  Elihu  Eoot, 
and  Carroll  D.  Wright,  or  any  four  of  them,  at  the  city  of  Washington,  in 
the  District  of  Columbia,  by  notice  served  in  person  or  by  mail  addressed  to 
each  trustee  at  his  place  of  residence;  and  the  said  trustees,  or  a  majority 
thereof,  being  assembled,  shall  organize  and  proceed  to  adopt  by-laws,  to  elect 
officers  and  appoint  committees,  and  generally  to  organize  the  said  corporation; 
and  said  trustees  herein  named,  on  behalf  of  the  corporation  hereby  incorporated, 
shall  thereupon  receive,  take  over,  and  enter  into  possession,  custody,  and 
management  of  all  property,  real  or  personal,  of  the  corporation  heretofore  known 
as  the  Carnegie  Institution,  incorporated,  as  hereinbefore  set  forth  under  "An  Act 
to  establish  a  Code  of  Law  for  the  District  of  Columbia,  January  fourth,  nineteen 
hundred  and  two,"  and  to  all  its  rights,  contracts,  claims,  and  property  of  any 
kind  or  nature ;  and  the  several  officers  of  such  corporation,  or  any  other  person 
having  charge  of  any  of  the  securities,  funds,  real  or  personal,  books  or  property 
thereof,  shall,  on  demand,  deliver  the  same  to  the  said  trustees  appointed  by  this 
Act  or  to  the  persons  appointed  by  them  to  receive  the  same;  and  the  trustees 
of  the  existing  corporation  and  the  trustees  herein  named  shall  and  may  take 
such  other  steps  as  shall  be  necessary  to  carry  out  the  purposes  of  this  Act. 

Sec.  7.  That  the  rights  of  the  creditors  of  the  said  existing  corporation 
known  as  the  Carnegie  Institution  shall  not  in  any  manner  be  impaired  by  the 
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passage  of  this  Act,  or  the  transfer  of  the  property  hereinbefore  mentioned,  nor 
shall  any  liability  or  obligation  for  the  payment  of  any  sums  due  or  to  become 
due,  or  any  claim  or  demand,  in  any  manner  or  for  any  cause  existing  against 
the  said  existing  corporation,  be  released  or  impaired ;  but  such  corporation  hereby 
incorporated  is  declared  to  succeed  to  the  obligations  and  liabilities  and  to  be  held 
liable  to  pay  and  discharge  all  of  the  debts,  liabilities,  and  contracts  of  the  said 
corporation  so  existing  to  the  same  effect  as  if  such  new  corporation  had  itself 
incurred  the  obligation  or  liability  to  pay  such  debt  or  damages,  and  no  such  action 
or  proceeding  before  any  court  or  tribunal  shall  be  deemed  to  have  abated  or  been 
discontinued  by  reason  of  the  passage  of  this  Act. 

Sec.  8.  That  Congress  may  from  time  to  time  alter,  repeal,  or  modify  this 
Act  of  incorporation,  but  no  contract  or  individual  right  made  or  acquired  shall 
thereby  be  divested  or  impaired. 

Sec.  9.  That  this  Act  shall  take  effect  immediately. 


Speaker  of  the  House  of  Bepresentatives 


WL 

President  of  the  Senate  pro  tempore. 


By-Laws  of  the  Institution 

Adopted    December    13,    1904-     Amended    December    13,    1910,    December    13,  1912, 

December    10,    1937,    December    15,    1939,     December    13,    1940,    December    18,  1942, 

December  12,  1947,  December  10,  1954,  October  24,  1957,  May  8,  1959,  May  13,  1960, 
May  10,  1963,  May  15,  1964,  March  6,  1967,  May  3,  1968,  and  May  14,  1971. 


ARTICLE    I 

The  Trustees 

1.  The  Board  of  Trustees  shall  consist  of  twenty-four  members  with  power  to  increase 
its  membership  to  not  more  than  twenty-seven  members.  The  Trustees  shall  hold  office 
continuously  and  not  for  a  stated  term. 

2.  In  case  any  Trustee  shall  fail  to  attend  three  successive  annual  meetings  of  the 
Board  he  shall  thereupon  cease  to  be  a  Trustee. 

3.  No  Trustee  shall  receive  any  compensation  for  his  services  as  such. 

4.  All  vacancies  in  the  Board  of  Trustees  shall  be  filled  by  the  Trustees  by  ballot  at  an 
annual  meeting,  but  no  person  shall  be  declared  elected  unless  he  receives  the  votes  of 
two-thirds  of  the  Trustees  present. 

5.  If,  at  any  time  during  an  emergency  period,  there  be  no  surviving  Trustee  capable 
of  acting,  the  President,  the  Director  of  each  existing  Department,  and  the  Executive 
Officer,  or  such  of  them  as  shall  then  be  surviving  and  capable  of  acting,  shall  constitute 
a  Board  of  Trustees  pro  tern,  with  full  powers  under  the  provisions  of  the  Articles  of 
Incorporation  and  these  By-Laws.  Should  neither  the  President,  nor  any  such  Director, 
nor  the  Executive  Officer  be  capable  of  acting,  the  senior  surviving  Staff  Member  of  each 
existing  Department  shall  be  a  Trustee  pro  tern  with  full  powers  of  a  Trustee  under  the 
Articles  of  Incorporation  and  these  By-Laws.  It  shall  be  incumbent  on  the  Trustees 
pro  tern  to  reconstitute  the  Board  with  permanent  members  within  a  reasonable  time 
after  the  emergency  has  passed,  at  which  time  the  Trustees  pro  tern  shall  cease  to  hold 
office.  A  list  of  Staff  Member  seniority,  as  designated  annually  by  the  President,  shall 
be  kept  in  the  Institution's  records. 


ARTICLE    II 

Officers  of  the  Board 

1.  The  officers  of  the  Board  shall  be  a  Chairman  of  the  Board,  a  Vice-Chairman,  and 
a  Secretary,  who  shall  be  elected  by  the  Trustees,  from  the  members  of  the  Board,  by 
ballot  to  serve  for  a  term  of  three  years.  All  vacancies  shall  be  filled  by  the  Board  for 
the  unexpired  term;  provided,  however,  that  the  Executive  Committee  shall  have  power 
to  fill  a  vacancy  in  the  office  of  Secretary  to  serve  until  the  next  meeting  of  the  Board  of 
Trustees. 

2.  The  Chairman  shall  preside  at  all  meetings  and  shall  have  the  usual  powers  of  a 
presiding  officer. 

3.  The  Vice-Chairman,  in  the  absence  or  disability  of  the  Chairman,  shall  perform  the 
duties  of  the  Chairman. 
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4.  The  Secretary  shall  issue  notices  of  meetings  of  the  Board,  record  its  transactions, 
and  conduct  that  part  of  the  correspondence  relating  to  the  Board  and  to  his  duties. 


ARTICLE    III 

Executive  Administration 
The  President 

1.  There  shall  be  a  President  who  shall  be  elected  by  ballot  by,  and  hold  office  during 
the  pleasure  of,  the  Board,  who  shall  be  the  chief  executive  officer  of  the  Institution. 
The  President,  subject  to  the  control  of  the  Board  and  the  Executive  Committee,  shall 
have  general  charge  of  all  matters  of  administration  and  supervision  of  all  arrangements 
for  research  and  other  work  undertaken  by  the  Institution  or  with  its  funds.  He  shall 
prepare  and  submit  to  the  Board  of  Trustees  and  to  the  Executive  Committee  plans 
and  suggestions  for  the  work  of  the  Institution,  shall  conduct  its  general  correspondence 
and  the  correspondence  with  applicants  for  grants  and  with  the  special  advisers  of  the 
Committee,  and  shall  present  his  recommendations  in  each  case  to  the  Executive  Com- 
mittee for  decision.  All  proposals  and  requests  for  grants  shall  be  referred  to  the  President 
for  consideration  and  report.  He  shall  have  power  to  remove,  appoint,  and,  within  the 
scope  of  funds  made  available  by  the  Trustees,  provide  for  compensation  of  subordinate 
employees  and  to  fix  the  compensation  of  such  employees  within  the  limits  of  a  maximum 
rate  of  compensation  to  be  established  from  time  to  time  by  the  Executive  Committee. 
He  shall  be  ex  officio  a  member  of  the  Executive  Committee. 

2.  He  shall  be  the  legal  custodian  of  the  seal  and  of  all  property  of  the  Institution 
whose  custody  is  not  otherwise  provided  for.  He  shall  sign  and  execute  on  behalf  of 
the  corporation  all  contracts  and  instruments  necessary  in  authorized  administrative  and 
research  matters  and  affix  the  corporate  seal  thereto  when  necessary,  and  may  delegate 
the  performance  of  such  acts  and  other  administrative  duties  in  his  absence  to  the 
Executive  Officer.  He  may  execute  all  other  contracts,  deeds,  and  instruments  on  behalf 
of  the  corporation  and  affix  the  seal  thereto  when  expressly  authorized  by  the  Board  of 
Trustees  or  Executive  Committee.  He  may,  within  the  limits  of  his  own  authorization, 
delegate  to  the  Executive  Officer  authority  to  act  as  custodian  of  and  affix  the  corporate 
seal.  He  shall  be  responsible  for  the  expenditure  and  disbursement  of  all  funds  of  the 
Institution  in  accordance  with  the  directions  of  the  Board  and  of  the  Executive  Com- 
mittee, and  shall  keep  accurate  accounts  of  all  receipts  and  disbursements.  Following 
approval  by  the  Executive  Committee  he  shall  transmit  to  the  Board  of  Trustees  before 
its  annual  meeting  a  written  report  of  the  operations  and  business  of  the  Institution 
for  the  preceding  fiscal  year  with  his  recommendations  for  work  and  appropriations  for 
the  succeeding  fiscal  year. 

3.  He  shall  attend  all  meetings  of  the  Board  of  Trustees. 

4.  There  shall  be  an  officer  designated  Executive  Officer  who  shall  be  appointed  by 
and  hold  office  at  the  pleasure  of  the  President,  subject  to  the  approval  of  the  Executive 
Committee.  His  duties  shall  be  to  assist  and  act  for  the  President  as  the  latter  may  duly 
authorize  and  direct. 

5.  The  President  shall  retire  from  office  at  the  end  of  the  fiscal  year  in  which  he  becomes 
sixty-five  years  of  age. 

ARTICLE    IV 

Meetings  and  Voting 

1.  The  annual  meeting  of  the  Board  of  Trustees  shall  be  held  in  the  City  of  Washington, 
in  the  District  of  Columbia,  in  May  of  each  year  on  a  date  fixed  by  the  Executive 
Committee,  or  at  such  other  time  or  such  other  place  as  may  be  designated  by  the 
Executive  Committee,  or  if  not  so  designated  prior  to  May   1   of  such  year,  by  the 
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Chairman  of  the  Board  of  Trustees,  or  if  he  is  absent  or  is  unable  or  refuses  to  act,  by 
any  Trustee  with  the  written  consent  of  the  majority  of  the  Trustees  then  holding  office. 

2.  Special  meetings  of  the  Board  of  Trustees  may  be  called,  and  the  time  and  place 
of  meeting  designated,  by  the  Chairman,  or  by  the  Executive  Committee,  or  by  any 
Trustee  with  the  written  consent  of  the  majority  of  the  Trustees  then  holding  office. 
Upon  the  written  request  of  seven  members  of  the  Board,  the  Chairman  shall  call  a 
special  meeting. 

3.  Notices  of  meetings  shall  be  given  ten  days  prior  to  the  date  thereof.  Notice  may 
be  given  to  any  Trustee  personally,  or  by  mail  or  by  telegram  sent  to  the  usual  address 
of  such  Trustee.  Notices  of  adjourned  meetings  need  not  be  given  except  when  the 
adjournment  is  for  ten  days  or  more. 

4.  The  presence  of  a  majority  of  the  Trustees  holding  office  shall  constitute  a  quorum 
for  the  transaction  of  business  at  any  meeting.  An  act  of  the  majority  of  the  Trustees 
present  at  a  meeting  at  which  a  quorum  is  present  shall  be  the  act  of  the  Board  except 
as  otherwise  provided  in  these  By-Laws.  If,  at  a  duly  called  meeting,  less  than  a  quorum 
is  present,  a  majority  of  those  present  may  adjourn  the  meeting  from  time  to  time 
until  a  quorum  is  present.  Trustees  present  at  a  duly  called  or  held  meeting  at  which  a 
quorum  is  present  may  continue  to  do  business  until  adjournment  notwithstanding  the 
withdrawal  of  enough  Trustees  to  leave  less  than  a  quorum. 

5.  The  transactions  of  any  meeting,  however  called  and  noticed,  shall  be  as  valid  as 
though  carried  out  at  a  meeting  duly  held  after  regular  call  and  notice,  if  a  quorum  is 
present  and  if,  either  before  or  after  the  meeting,  each  of  the  Trustees  not  present 
in  person  signs  a  written  waiver  of  notice,  or  consent  to  the  holding  of  such  meeting,  or 
approval  of  the  minutes  thereof.  All  such  waivers,  consents,  or  approvals  shall  be  filed 
with  the  corporate  records  or  made  a  part  of  the  minutes  of  the  meeting. 

6.  Any  action  which,  under  law  or  these  By-Laws,  is  authorized  to  be  taken  at  a 
meeting  of  the  Board  of  Trustees  may  be  taken  without  a  meeting  if  authorized  in  a 
document  or  documents  in  writing  signed  by  all  the  Trustees  then  holding  office  and 
filed  with  the  Secretary. 

7.  During  an  emergency  period  the  term  "Trustees  holding  office"  shall,  for  purposes 
of  this  Article,  mean  the  surviving  members  of  the  Board  who  have  not  been  rendered 
incapable  of  acting  for  any  reason  including  difficulty  of  transportation  to  a  place  of 
meeting  or  of  communication  with  other  surviving  members  of  the  Board. 


article  v 

Committees 

1.  There  shall  be  the  following  Standing  Committees,  viz.  an  Executive  Committee, 
a  Finance  Committee,  an  Auditing  Committee,  a  Nominating  Committee,  and  a  Retire- 
ment Committee. 

2.  All  vacancies  in  the  Standing  Committees  shall  be  filled  by  the  Board  of  Trustees 
at  the  next  annual  meeting  of  the  Board  and  may  be  filled  at  a  special  meeting  of  the 
Board.  A  vacancy  in  the  Executive  Committee  and,  upon  request  of  the  remaining 
members  of  any  other  Standing  Committee,  a  vacancy  in  such  other  Committee  may  be 
filled  by  the  Executive  Committee  by  temporary  appointment  to  serve  until  the  next 
meeting  of  the  Board. 

3.  The  terms  of  all  officers  and  of  all  members  of  Committees,  as  provided  for  herein, 
shall  continue  until  their  successors  are  elected  or  appointed. 

Executive  Committee 

4.  The  Executive  Committee  shall  consist  of  the  Chairman,  Vice-Chairman,  and 
Secretary  of  the  Board  of  Trustees,  the  President  of  the  Institution  ex  officio,  and,  in 
addition,  not  less  than  five  or  more  than  eight  Trustees  to  be  elected  by  the  Board  by 
ballot  for  a  term  of  three  years,  who  shall  be  eligible  for  re-election.   Any  member  elected 
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to  fill  a  vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term.  The  presence  of 
four  members  of  the  Committee  shall  constitute  a  quorum  for  the  transaction  of  business 
at  any  meeting. 

5.  The  Executive  Committee  shall,  when  the  Board  is  not  in  session  and  has  not  given 
specific  directions,  have  general  control  of  the  administration  of  the  affairs  of  the 
corporation  and  general  supervision  of  all  arrangements  for  administration,  research, 
and  other  matters  undertaken  or  promoted  by  the  Institution.  It  shall  also  submit  to  the 
Board  of  Trustees  a  printed  or  typewritten  report  of  each  of  its  meetings,  and  at  the 
annual  meeting  shall  submit  to  the  Board  a  report  for  publication. 

6.  The  Executive  Committee  shall  have  power  to  authorize  the  purchase,  sale,  exchange, 
or  transfer  of  real  estate. 

Finance  Committee 

7.  The  Finance  Committee  shall  consist  of  not  less  than  five  and  not  more  than  six 
members  to  be  elected  by  the  Board  of  Trustees  by  ballot  for  a  term  of  three  years,  who 
shall  be  eligible  for  re-election.  The  presence  of  three  members  of  the  Committee  shall 
constitute  a  quorum  for  the  transaction  of  business  at  any  meeting. 

8.  The  Finance  Committee  shall  have  custody  of  the  securities  of  the  corporation 
and  general  charge  of  its  investments  and  invested  funds,  including  its  investments  and 
invested  funds  as  trustee  of  any  retirement  plan  for  the  Institution's  staff  members  and 
employees,  and  shall  care  for  and  dispose  of  the  same  subject  to  the  directions  of  the 
Board  of  Trustees.  It  shall  have  power  to  authorize  the  purchase,  sale,  exchange,  or 
transfer  of  securities  and  to  delegate  this  power.  It  shall  consider  and  recommend  to  the 
Board  from  time  to  time  such  measures  as  in  its  opinion  will  promote  the  financial  interests 
of  the  Institution  and  of  the  trust  fund  under  any  retirement  plan  for  the  Institution's 
staff  members  and  employees,  and  shall  make  a  report  at  each  meeting  of  the  Board. 

Auditing  Committee 

9.  The  Auditing  Committee  shall  consist  of  three  members  to  be  elected  by  the  Board 
of  Trustees  by  ballot  for  a  term  of  three  years. 

10.  Before  each  annual  meeting  of  the  Board  of  Trustees,  the  Auditing  Committee 
shall  cause  the  accounts  of  the  Institution  for  the  preceding  fiscal  year  to  be  audited 
by  public  accountants.  The  accountants  shall  report  to  the  Committee,  and  the  Com- 
mittee shall  present  said  report  at  the  ensuing  annual  meeting  of  the  Board  with  such 
recommendations  as  the  Committee  may  deem  appropriate. 

Nominating  Committee 

11.  The  Nominating  Committee  shall  consist  of  the  Chairman  of  the  Board  of 
Trustees  ex  officio  and,  in  addition,  three  Trustees  to  be  elected  by  the  Board  by  ballot 
for  a  term  of  three  years,  who  shall  not  be  eligible  for  re-election  until  after  the  lapse 
of  one  year.  Any  member  elected  to  fill  a  vacancy  shall  serve  for  the  remainder  of  his 
predecessor's  term,  provided  that  of  the  Nominating  Committee  first  elected  after 
adoption  of  this  By-Law  one  member  shall  serve  for  one  year,  one  member  shall  serve 
for  two  years,  and  one  member  shall  serve  for  three  years,  the  Committee  to  determine 
the  respective  terms  by  lot. 

12.  Sixty  days  prior  to  an  annual  meeting  of  the  Board  the  Nominating  Committee 
shall  notify  the  Trustees  by  mail  of  the  vacancies  to  be  filled  in  membership  of  the  Board. 
Each  Trustee  may  submit  nominations  for  such  vacancies.  Nominations  so  submitted 
shall  be  considered  by  the  Nominating  Committee,  and  ten  days  prior  to  the  annual 
meeting  the  Nominating  Committee  shall  submit  to  members  of  the  Board  by  mail  a  list 
of  the  persons  so  nominated,  with  its  recommendations  for  filling  existing  vacancies  on 
the  Board  and  its  Standing  Committees.  No  other  nominations  shall  be  received  by  the 
Board  at  the  annual  meeting  except  with  the  unanimous  consent  of  the  Trustees  present. 
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Retirement  Committee 

13.  The  Retirement  Committee  shall  consist  of  three  members  to  be  elected  by  the 
Board  of  Trustees  by  ballot  for  a  term  of  three  years,  who  shall  be  eligible  for  re-election 
and  the  Chairman  of  the  Finance  Committee  ex  officio.  Any  member  elected  to  fill  a 
vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term. 

14.  The  Retirement  Committee  shall,  subject  to  the  directions  of  the  Board  of  Trustees, 
be  responsible  for  the  maintenance  of  a  retirement  plan  for  staff  members  and 
employees  of  the  Institution  and  act  for  the  Institution  in  its  capacity  as  trustee 
under  any  such  plan,  except  that  any  matter  relating  to  investments  under  any  such 
plan  shall  be  the  responsibility  of  the  Finance  Committee  subject  to  the  directions 
of  the  Board  of  Trustees.  The  Committee  shall  submit  a  report  to  the  Board  at  the 
annual  meeting  of  the  Board. 

ARTICLE   VI 

Financial  Administration 

1.  No  expenditure  shall  be  authorized  or  made  except  in  pursuance  of  a  previous 
appropriation  by  the  Board  of  Trustees,  or  as  provided  in  Article  V,  paragraph  8,  hereof. 

2.  The  fiscal  year  of  the  Institution  shall  commence  on  the  first  day  of  July  in  each 
year. 

3.  The  Executive  Committee  shall  submit  to  the  annual  meeting  of  the  Board  a  full 
statement  of  the  finances  and  work  of  the  Institution  for  the  preceding  fiscal  year  and  a 
detailed  estimate  of  the  expenditures  of  the  succeeding  fiscal  year. 

4.  The  Board  of  Trustees,  at  the  annual  meeting  in  each  year,  shall  make  general 
appropriations  for  the  ensuing  fiscal  year;  but  nothing  contained  herein  shall  prevent 
the  Board  of  Trustees  from  making  special  appropriations  at  any  meeting. 

5.  The  Executive  Committee  shall  have  general  charge  and  control  of  all  appropria- 
tions made  by  the  Board.  Following  the  annual  meeting,  the  Executive  Committee  may 
allocate  these  appropriations  for  the  succeeding  fiscal  year.  The  Committee  shall  have  full 
authority  to  reallocate  available  funds,  as  needed,  and  to  transfer  balances. 

6.  The  securities  of  the  Institution  and  evidences  of  property,  and  funds  invested  and 
to  be  invested,  shall  be  deposited  in  such  safe  depository  or  in  the  custody  of  such  trust 
company  and  under  such  safeguards  as  the  Finance  Committee  shall  designate,  subject 
to  directions  of  the  Board  of  Trustees.  Income  of  the  Institution  available  for  expenditure 
shall  be  deposited  in  such  banks  or  depositories  as  may  from  time  to  time  be  designated 
by  the  Executive  Committee. 

7.  Any  trust  company  entrusted  with  the  custody  of  securities  by  the  Finance  Com- 
mittee may,  by  resolution  of  the  Board  of  Trustees,  be  made  Fiscal  Agent  of  the 
Institution,  upon  an  agreed  compensation,  for  the  transaction  of  the  business  coming 
within  the  authority  of  the  Finance  Committee. 

8.  The  property  of  the  Institution  is  irrevocably  dedicated  to  charitable  purposes, 
and  in  the  event  of  dissolution  its  property  shall  be  used  for  and  distributed  to  those 
charitable  purposes  as  are  specified  by  the  Congress  of  the  United  States  in  the  Articles  of 
Incorporation,  Public  Law  No.  260,  approved  April  28,  1904,  as  the  same  may  be 
amended  from  time  to  time. 


ARTICLE   VII 

Amendment  of  By-Laws 

1.  These  By-Laws  may  be  amended  at  any  annual  or  special  meeting  of  the  Board  of 
Trustees  by  a  two-thirds  vote  of  the  members  present,  provided  written  notice  of  the 
proposed  amendment  shall  have  been  served  personally  upon,  or  mailed  to  the  usual 
address  of,  each  member  of  the  Board  twenty  days  prior  to  the  meeting. 
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